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HEAT OF HYDROGENATION OF ETHYLENE 
By Frederick D. Rossini 





ABSTRACT 


Extremely discordant values have been reported in recent years for the scientif- 
ically and industrially important thermodynamic quantity, the heat of hydro- 
genation of ethylene to ethane. From the value for the heat of combustion of 
ethylene recently obtained at the National Bureau of Standards by Rossini and 
Knowlton, and the values previously obtained by Rossini for the heats of com- 
bustion of hydrogen and ethane, a new value is deduced for the heat of hydro- 
genation of ethylene. The four earlier sets of calorimetric data leading to this 
quantity have been reviewed, and the following values deduced for —AH® at 
95° C for the reaction, C,H, (g) +H. (g)=C.He (g), in kilocalories per mole: 
Thomsen (1873-86), 32.3 +1.5; Berthelot and Matignon (1893), 37.6 +1.9; 
Yon Wartenberg and Krause (1930), 30.6 +0.4; Kistiakowsky, Romeyn, Ruhoff, 
Smith, and Vaughan (1935), (a) 32.58 +0.06, (6) 32.64 +0.06; National Bureau 
of Standards (1931-36), 32.78 +0.13. (In deducing the estimated uncertainties, 
no allowance has been made for possible ‘“‘unknown”’ systematic errors). It is 
concluded that the true heat of hydrogenation at 25° C lies in the immediate 
neighborhood of the last two values. The value of —AH° obtained by Teller and 
Topley and others, by combination of entropies computed statistically with the 
free energy determined experimentally, is apparently low by from 1.6 to 1.7 
kilocalories per mole. The explanations of this discrepancy are briefly reviewed. 


CONTENTS 


I. Introduction 
II. Review of the calorimetric data 
1. Data of Thomsen, 1873-86 
2. Data of Berthelot and Matignon, 1893 
3. Data of Von Wartenberg and Krause, 1930 
4. Data of Kistiakowsky, Romeyn, Ruhoff, Smith, and Vaughan, 


3 
5. Data from the National Bureau of Standards, 1931-36 
III, Summary of the values from the calorimetric data 
IV. Value of AH obtained from the combination of entropies from sta- 


tistical calculations with the free energy from equilibrium data 
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I. INTRODUCTION 


_ The heat of hydrogenation of ethylene to form ethane has become, 
intecent years, a thermal quantity of considerable interest and specu- 
lation, the latter arising from the extreme discord among the existing 
values for this property, for which two modern values differ by 7 
percent. In addition to the practical importance of this quantity 
in thermodynamic calculations, it possesses importance in connection 
with the proper description of the molecules for the purpose of com- 
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puting, by statistical methods, values of their entropies and hea} 
contents as functions of the temperature. In the case of ethane, for 
example, this latter consideration includes the question of how much 
restriction, if any, exists in the rotation of the methyl groups about 
the carbon-carbon linkage. 

Because of the recent completion by Rossini and Knowlton ! {1}! 
of measurements on the heat of combustion of ethylene, the data oy 
which can be combined with data previously reported by Rossini {9} 
on the heats of combustion of hydrogen and ethane to obtain a valyg 
for the heat of hydrogenation of ethylene, it seems desirable to review 
the data which may be utilized to obtain values for the heat of the 
reaction 


C.H, (g) +H: (g)=C2He (g) (1) 


There are two ways in which the heat of the above reaction may be 
determined from calorimetric data: first, from data on the direct 
reaction of hydrogenation according to equation 1; and, second, from 
data on the heats of combustion of ethylene, hydrogen, and ethane; 


C,H, (g) +3 O, (g)=2 CO, (g)+2 H;0 (liq) 
H, (g)+1/2 O, (g)=H,0 (liq) 
CH, (g)+3 1/2 O, (g)=2 CO, (g)+3 H,0 (liq) 


Because the value of the heat of hydrogenation of ethylene is about 
1/2, 1/10, and 1/11, respectively, of the heats of combustion of hydro- 
gen, ethylene, and ethane, it is evident that, in point of the accuracy 
of the relatively small value of the heat of hydrogenation, the direct 
method has an advantage of about fifteenfold over the indirect 
method. This advantage of the direct method, however, is partly 
counterbalanced by the simpler, purer, and more complete nature of 
the reaction of combustion as compared with that of hydrogenation. 
In the case of molecules with four or more carbon atoms, however, 
the advantage in favor of the direct method for determining the 
difference in the heats of formation of analogous olefin and paraffin 
hydrocarbons becomes overwhelmingly large. 

In the utilization of the calorimetric data on heats of combustion 
for the present purpose, one obvious limitation must be made, and 
that is that in the derivation of any one value for the heat of hydro- 
genation only the combustion data from one laboratory on all three 
reactions should be used. The main reason for this procedure is 
that it helps to eliminate systematic errors in the work of a given 
laboratory .® 


II. REVIEW OF THE CALORIMETRIC DATA 


There are now available five completely independent sets of calori- 
metric data yielding values for the heat of hydrogenation of ethylene: 


1 The report of this work of Rossini and Knowlton will be published, along with other data on the olefine 
hydrocarbons, in a subsequent number of the Journal of Research of the National Bureau of Standards. 

2? The figures in brackets here and throughout the text refer to the references at the end of the ae 

? For example, if only 2 investigators, A and B, determined all 3 heats of combustion, @:, Q, “A 


independently, there would be 8 ible combinations which could be used to evaluate the heat of b 
genation; but, of these, the 2 combinations involving A Qi, A Qs, A Qs, and BQ:, BQs, BQs would be expected 
to be by far the most reliable. 
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two “old” sets of data on heats of combustion obtained about 50 
years ago by Thomsen [3] and by Berthelot and Matignon [4]; two 
sets of “modern” data on the direct reaction of hydrogenation by 
Yon Wartenberg and Krause [5] and by Kistiakowsky, Romeyn, 
Ruhoff, Smith, and Vaughan [6]; and one set of ‘‘modern” data on 
heats of combustion obtained at the National Bureau of Standards 
by Rossini [2] and Rossini and Knowlton [1]. 

In addition to these five values there is one recently derived by 
Teller and Topley [7] by a combination of the statistical calculations 
of the thermodynamic properties of the molecules, hydrogen, ethylene, 
and ethane, with the experimental data of others on the equilibrium 
represented by reaction (1). Their procedure in evaluating the heat 
of hydrogenation is substantially that of utilizing the relation, 


AH=AF-+TAS, (5) 


where AF is the change in free energy, evaluated from equilibrium 
data, and AS is the change in entropy, calculated by statistical 
methods. 

1. DATA OF THOMSEN, 1873-86 


Thomsen’s [3] data on the combustion of hydrogen and ethane have 
already been evaluated (see Rossini [2]) and yield AH°=—68.32 +0.17 
and —368.9 +1.3, kilocalories per mole, at 25° C, for reactions (3) and 
(4), respectively. 

Thomsen performed six experiments, two series of three each, on 
the heat of combustion of ethylene in a flame calorimeter at constant 
pressure and about 18° C, the amount of reaction being determined 
from the mass of carbon dioxide formed. By excluding the second 
experiment of the first series, because its deviation is nearly seven 
times the average deviation of the remaining five, and converting the 
data to modern units of energy, there is obtained the value AH°= 
—332.9 +0.8 kilocalories per mole, at 25° C, for reaction (2), the 
“error” being computed according to Rossini [8]. By combining 
Thomsen’s data for reactions (2), (3), and (4), there is obtained for 
reaction (1), AW°=—32.3 +1.5 kilocalories per mole at 25° C. 


2. DATA OF BERTHELOT AND MATIGNON, 1893 


The data of Berthelot and Matignon [4] (see also Berthelot [9]) on 
the combustion of hydrogen and ethane have already been evaluated 
(see Rossini [2]) and yield AH°=—68.7 +0.6 and 372.1 +0.8 kilo- 
calories per mole, at 25° C, for reactions (3) and (4), respectively. 

Berthelot and Matignon [4] (see also Berthelot [9]) performed three 
experiments on the combustion of ethylene in a bomb at constant 
volume and about 14° C. The amount of reaction was determined 
both from the volume of ethylene burned and the mass of carbon 
dioxide formed, but the two analytical methods yielded significantly 
different but random results, the difference being as much as 0.6 per- 
cent in one experiment. Corrected to the modern unit of energy, 
these data yield AH°=—341.0+1.6 kilocalories per mole for reaction 
(2) at 25°C. By combining the data of Berthelot and Matignon for 
reactions (2), (3), and (4), there is obtained for reaction (1), AH°= 
—37.6 +1.9 kilocalories per mole at 25° C. 
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3. DATA OF VON WARTENBERG AND KRAUSE, 1930 


The direct hydrogenation experiments of Von Wartenberg ang 
Krause [5] were carried out with a simple calorimetric system ¢op. 
sisting of a 0.5-liter rubber-stoppered cylindrical vacuum flask ¢op. 
taining the catalyzing solution (400 at of water with 3 ¢g each of 
sodium carbonate, gum arabic, and palladium chloride, in colloidal 
suspension), a Beckmann thermometer, an electrical heating ¢j] 
a gas inlet tube terminating in a glass filter plate in the solution negr 
the bottom of the flask, and a gas exit tube above the solution. The 
hydrogen and ethylene gases were first saturated with water at an 
unstated temperature, mixed, and then led into the catalyzing soly. 
tion where the reaction (which was not complete) occurred, presum. 
ably at the prevailing room temperature. The effluent gas (hydrogen, 
ethylene, ethane, and nitrogen) passed out of the reaction veggel 
carrying an unstated amount of water vapor, through liquid bromine 
to remove ethylene, through potassium hydroxide to remove bromine 
vapor, through a cold trap at 0° C to remove ethylene bromide, 
through potassium hydroxide and calcium chloride, over heated 
copper oxide in order to oxidize the hydrocarbon to carbon dioxide 
and water, through calcium chloride to remove water, and then 
through weighed tubes of soda lime in order to absorb the carbon 
dioxide, the mass of which determined the amount of reaction, 
Von Wartenberg and Krause gave no details concerning the evalua- 
tion of the electrical-energy equivalent of the calorimeter, except to 
say that it was determined with electrical energy measured with a 
voltmeter, an ammeter, and a watch. (Any systematic error in this 
quantity is directly carried over to the value for the heat of hydro- 
genation). 

These experiments of Von Wartenberg and Krauss were analyzed 
by Kistiakowsky, Romeyn, Ruhoff, Smith, and Vaughan [6], who 
pointed out two serious objections to their work, the first one concern 
ing the failure of the experimenters to demonstrate the absence of 
side reactions, such as irreversible adsorption, and the second (and 
apparently more serious one) concerning their manner of determining 
the amount of reaction. The writer has analyzed in detail the latter 
criticism and finds that the procedure employed by Von Wartenberg 
and Krause for determining the amount of reaction does leave open 
the possibility of a systematic error, whose value might conceivably 
be as large as 10 percent. This calculation confirms the statement of 
Kistiakowsky and his collaborators that ‘‘the ethylene bromide which 
might remain in the gases (going into the combustion tube) can more 
than account for the low value for the heat of hydrogenation obtained 
by Von Wartenberg and Krause.” 

Von Wartenberg and Krause reported the results of 12 experiments, 
the average of the first six being 2-percent lower than that of the last 
six. Making no allowance for possible “ unknown”’ systematic errors, 
one obtains from the values reported by Von Wartenberg and Krause, 
AH° =—30.6 +0.4 kilocalories per mole, at 25° C, for reaction (1). 


4. DATA OF KISTIAKOWSKY, ROMEYN, RUHOFF, SMITH, AND 
VAUGHAN, 1935 


The recent experiments of Kistiakowsky, Romeyn, Ruhoff, Smith, 
and Vaughan on the direct hydrogenation of ethylene were carri 
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out with a careful regard for the accuracy of both the calorimetric 
and the chemical procedures. These experiments were described in 
detail in the original paper [6], and substantiating experiments were 
reported in a subsequent paper [10]. The calorimetric method em- 
ployed was substantially the substitution method [8] wherein the heat 
evolved by a measured amount of chemical reaction is compared 
with the heat evolved by a measured amount of electrical energy, 
using the calorimeter as the absorber and comparator of the two 
kinds of energy. 

The completeness of the reaction of hydrogenation was demon- 
strated by examination of the reaction products, which showed the 
absence of ethylene. The possible side reactions were (1) decompo- 
sition to form methane, (2) irreversible adsorption on the catalyst, 
and (3) polymerization plus hydrogenation. Appropriate tests indi- 
cated that the effects of the first two reactions, if they occurred at all, 
were insignificant. A test for the polymerization reaction was deemed 
not feasible and its existence in any significant amount was considered 
to be doubtful. As stated by the authors, if this reaction should be 
shown to occur, the heat of hydrogenation would have to be increased 
by 0.1 percent for each 0.6 percent of ethylene polymerized, with 
subsequent hydrogenation, to yield butane. 

A possible systematic error, not specifically mentioned by Kis- 
tiakowsky, Romeyn, Ruhoff, Smith, and Vaughan, would occur if 
the ethylene contained some ethane. The effect of the presence of 
ethane as an impurity in the ethylene would be to increase the appar- 
ent amount of reaction, as measured by the carbon dioxide from the 
products of combustion of the effluent gases, without changing the 
amount of heat evolved, and, consequently, the observed value of the 
heat of hydrogenation would be lower than the true value by an 
amount (in percent) equal to the molal percentage of ethane present 
as an impurity. As stated below, one of the two “good” samples of 
ethylene used in these experiments undoubtedly contained a signifi- 
cant amount of ethane. 

Kistiakowsky, Romeyn, Ruhoff, Smith, and Vaughan reported the 
heats of hydrogenation of three different samples of ethylene as fol- 
lows: (1) a commercial sample, ‘99.5 percent pure’’, made from ethyl 
alcohol; (2) a middle fraction from an extended fractional distilla- 
tion of the foregoing commercial sample; and (3) a sample, ‘99.8 
percent pure”, prepared specially by the Linde Air Products Co., by 
the fractional distillation of petroleum products. As recommended 
by the investigators, the data on the commercial sample may be dis- 
regarded because of its large amount of impurity, part of which was 
found to be diethyl ether. 

The second sample above was considered to be the purest and the 
data on it correspondingly best. On this sample there were per- 
formed 10 experiments, having an average deviation of 0.10 percent, 
at an average temperature of 82°C. From the discussion presented by 
these investigators [6, 10], it would appear that the determination of 
the electrical-energy equivalent of the calorimeter system had an 
uncertainty of about 0.10 percent. Assuming an absolute error of 
+0.10 percent due to an impurity in the reaction and the determina- 
tion of the amount of reaction, and computing the errors as before, 
one finds that the values of these investigators for their “best” sample 
of ethylene yield AH°=—32.833 +0.053 kilocalories per mole for 
Teaction (1) at 82° C. 
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On the sample of ethylene prepared by Linde from petroleum prod. 
ucts, marked “99.8 percent pure’, Kistiakowsky, Romeyn, Ruhof 
Smith, and Vaughan reported the results of four very concordant 
experiments, which had an average deviation of 0.03 percent. Com. 
puting the “error” as before, one obtains AH°=—32.806 +0049 
kilocalories per mole for reaction (1) at 82° C. However, in their 
investigation on the heat of combustion of ethylene, Rossini and 
Knowlton [1] determined with considerable accuracy the amount of 
impurity in a sample of ethylene, marked ‘99.85 percent pure”, 
which had been specially prepared by the Linde laboratory. They 
found 0.015 +0.010 mole percent of methane and 0.246 +0.032 mole 
percent of ethane. A private communication from the Buffalo labora. 
tory of the Linde Air Products Co. reported that the ethylene pre- 
pared for the National Bureau of Standards was from a separate 
purification and contained slightly less ethane (about 0.05 percent 
less) than the sample prepared for the Harvard laboratory, both 
samples having been prepared in 1933. Assuming that the Linde 
sample of ethylene used by Kistiakowsky and his coworkers contained 
the same amount of impurity as that given above, one obtains from 
their data on the Linde sample, when appropriately corrected, the 
pe aa +0.050 kilocalories per mole for reaction (1) 
at 82° C. 

As pointed out by Kistiakowsky and his collaborators, the effect 
of a possible side reaction of polymerization plus hydrogenation, 


such as 
2 C,H, (g) +H: (g)=C.Hig (g), (6) 


would be corrected for by increasing numerically the observed 
values of the heat of hydrogenation by 0.1 percent for each 0.6 per- 
cent of ethylene polymerized. That the foregoing is a possible side 
reaction is evidenced by the free energy calculations recently made 
by Kassel [12], which yield, for reaction (6) at 82° C, a decrease in 
free energy of about 4.4 kilocalories per mole of butane. However, 
in later experiments on the heats of hydrogenation of propylene, 
butene-1, and heptene-1, Kistiakowsky, Ruhoff, Smith, and Vaughan 
[10] performed tests to determine the presence of a side reaction of 
polymerization plus hydrogenation, and reported negative results in 
tests which would have readily detected 0.5 percent of the hydro- 
genated polymer in the products of reaction.‘ 

The next point to be considered is the reduction from 82° to 25°C 
of the above two values for the heat of hydrogenation. According 
to the experimentally determined values of Eucken and Parts [24] 
on the heat capacities of ethylene and ethane, and the statistical 
calculations of Eucken and Parts [24] and Smith and Vaughan [Il] 
based upon these data, together with the known accurate values for 
hydrogen [14, 15], the amount of the reduction from 82 to 25° C 
may be taken as 0.25 kilocalorie per mole with a possible uncertain 
of about +0.02 kilocalorie per mole. The two values from the wor 
of Kistiakowsky and his collaborators then become, respectively, 
AH°=—32.58 +0.06 and —32.64 +0.06 kilocalories per mole for 
reaction (1) at 25° C. 


4 An extremely sensitive method of testing for such impurities is the differential vapor-pressure method 
described by Shepherd [13]. 
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5, DATA FROM THE NATIONAL BUREAU OF STANDARDS, 1931-36 


Heat of Hydrogenation of Ethylene 


The data obtained at the National Bureau of Standards on the 
heats of combustion of hydrogen, ethane, and ethylene give the 
following values of AH® for the respective reactions at 25° C, in 
kilocalories > per mole: reaction (3), Rossini [2], —68.313 +0.010; 
reaction (4), Rossini [2], —372.81 
40.11; and reaction (2), Rossini 
and Knowlton [1], —337.28 +0.07. 
Combination of these values yields, 
for reaction (1), AH°=—32.78 
40.13 kilocalories per mole at 
25° C. 


Ul. SUMMARY OF THE 
VALUES FROM THE CAL- 
ORIMETRIC DATA 


In table 1 are given the values 
from the five sets of data which 
have just been reviewed. These 
are plotted in figure 1. With 
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regard to the half-century-old data 
of Thomsen [3] and Berthelot and 
Matignon [4], it would appear safe 
to conclude that the possibility of 
systematic errors in their work on 


KILOCALORIES PER MOLE 


heats of combustion is such as to 
make their values even more un- 
certain than is indicated by the 
assigned errors, and that, there- 
fore, the values deduced from their 
work should be considered as 
approximations only. 

Of the three sets of modern 
data, the two direct measure- 
ments are in complete discord, 
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while the value from the modern 
data on heats of combustion is in 
accord with the higher and more 
recent of the two direct deter- 
minations. Because of the care 
and precautions taken to insure 
the accuracy of their chemical and 
calorimetric procedures, and be- 
cause of the completely different 
reactions measured, the substan- 


Figure 1.—Plot of the values for the heat 
of hydrogenation of ethylene, as deduced 
from the calorimetric data. 


The scale of ordinates gives the value of —AH® 
at 25° C for the reaction, CoH, (g)+He: (g)—=C2Hs 
(g), in kilocalories per mole. The radii of the various 
circles indicate the estimated uncertainties (not 
including possible “‘unknown’’ systematic errors) 
of the values from the various sets of data: BM, 
Berthelot and Matignon [4]; NBS, National 
Bureau of Standards [1, 2]; KRRSV, Kistiakowsky, 
Romeyn, Ruhoff, Smith, and Vaughan [6]; 'T, 
Thomsen [3]; WK, Von Wartenberg and Krause [5]. 


tial concordance of the values deduced from the work of Kistia- 
kowsky, Romeyn, Ruhoff, Smith, and Vaughan [6] at Harvard 
University and of Rossini [2] and Rossini and Knowlton [1] at the 
National Bureau of Standards is very gratifying. It would appear 
that some systematic error, possibly of the nature of those discussed 


‘See Rossini [8] for a discussion of the unit of energy. 
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on page 632 existed in the work of Von Wartenberg and Krause [5] 
and it may be safely concluded, therefore, that the true value of the 
heat of hydrogenation lies in the immediate neighborhood of the 
two concordant values from the modern work. There is also 
remote possibility, as discussed on page 633 that the values of 
Kistiakowsky, Romeyn, Ruhoff, Smith, and Vaughan may be sub. 
ject to a small correction upward (numerically). 


TABLE 1.—Summary of the values for the heat of hydrogenation of ethylene, 
C2Hi(g) + H2(g) =C2Hs(g), as deduced by the present writer from the various 
calorimetric data 





Value | Estimated 
Source of data Reactions measured Prssen;~ 5 uncer. 


at 25° C tainty! 





Kilo- Kilo- 
calories calories 
per mole per mole 
1873-86 [3] | Combustion of Ha, C2H4, C2He- 32.3 
1893 tS 
5 





Berthelot and Matignon Combustion of Ha, C2Ha, CsHe- 37.6 

be beh gy | and 9 1930 Hydrogenation of C2H, @) 30.6 
istiakowsky, Romeyn, Ru- . a) 32. 58 
hoff, Smith, and Vaughan..| 1935 [6 Hydrogenation of CsH« { (b) 32. 64 +£0.08 

National Bureau of Standards.| 1931-36| [1,2] | Combustion of Hz, C2H., C2He- 32. 78 +0. 13 




















1In deducing the estimated uncertainty, no allowance has been made for possible ‘‘unknown”’ sys. 
tematic errors. 


IV. VALUE OF AH OBTAINED FROM THE COMBINATION 
OF ENTROPIES FROM STATISTICAL CALCULATIONS 
WITH THE FREE ENERGY FROM EQUILIBRIUM DATA 


Statistical calculations of the entropies of gaseous H,, C,H,, and 
C,H, have been made by a number of investigators, including Giauque 
[14], Gordon and Barnes [15], Davis and Johnston [16], Kassel [17], 
Mayer, Brunauer, and Goeppert-Mayer [18], Frost [19], Smith and 
Vaughan [11], and Teller and Topley [7]. It is possible to combine, 
according to equation 5, the value of the change in entropy, AS, for 
reaction (1), obtained from these statistical calculations, with the 
value of the change in free energy, AF’, as determined from equilibrium 
measurements, to obtain a value for the change in heat content, 
AH, for reaction (1). 

Teller and Topley [7] (see also Frost [19] and Smith and Vaughan 
[11]) reviewed the experimental data of Pease and Durgan [20j, 
Travers and Pearce [21], Vvedenskii and Vinnikova [22], and Frey 
and Huppke [23] on the equilibrium conditions for reaction (1), and 
deduced a very concordant, and apparently quite reliable, value for 
the free-energy change for the reaction of hydrogenation at 863° K. 
Teller and Topley [7] (see also Frost [19], Kassel [17], and Smith and 
Vaughan [11]) made statistical calculations of values of the thermo- 
dynamic function, (F°—E°)/T, for gaseous C,H, and C,H, combined 
these with similar values computed for gaseous H, by Giauque [14], 
and obtained a value for the property (AF°—AE®)/T for reaction (1). 
Combination with the “best’’ value of AF° for 863° K, as obtained 
from the equilibrium data, then yielded a value for AZ. To this 
quantity was added the statistically computed value of / AC AT 
for reaction (1) to obtain the value for AH® for the reaction of hydro- 
genation at 298° K or 25° C. 
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The value thus deduced by Teller and Topley [7] for the heat of 
reaction (1) was AH°=—31.05 +0.30 kilocalories per mole at 
95° C. This uncertainty of +0.30 kilocalorie per mole was consid- 
ered to be the limit of “probable” error, with the limit of ‘‘possible’’ 
error being +0.60 kilocalorie per mole. These limits of error were 
evaluated by Teller and Topley from a very critical analysis of the 
fallible factors entering into their calculations, namely: (1), the error 
in the value of the free energy from equilibrium data; (2), the error 
in the moments of inertia of ethylene and ethane; (3) the error in the 
vibrational frequencies of ethylene; (4), the uncertainty in the 
magnitude of the potential restricting the free rotation of the methyl 
groups in ethane; and (5), the uncertainty in the vibrational fre- 
quencies of ethane. ‘Teller and Topley considered that the possible 
uncertainties in these quantities were such as to correspond, in the 
value of AH° at 25° C., in kilocalories per mole, to +0.10 from 
(1), to +0.17 from (2), to +0.10 from (3), and to +0.25 from (4) 
and (5) combined. 

As a result of the concordant sets of calorimetric data from Harvard 
University and the National Bureau of Standards, it appears that the 
true value for the heat of hydrogenation of ethylene definitely lies 
from 1.6 to 1.7 kilocalories per mole numerically above the value 
deduced from the combination of entropies, computed statistically, 
with the free energy, determined experimentally. Therefore, it must 
be concluded that, for one or more of the sources analyzed by Teller 
and Topley [7], the error must greatly exceed what was considered 
to be the maximum possible. 

Assuming that the heat of hydrogenation of ethylene according to 
reaction (1) is definitely limited to the range —AH°=32.6 to 32.8 
kilocalories per mole at 25° C., there remain several possible explana- 
tions for the discrepancy in the relation (see equation 5) between AH 
determined calorimetrically, AS computed statistically, and AF 
determined from equilibrium measurements. This discrepancy has 
been discussed by Kassel [12] and by Teller and Topley [7], and the 
possible explanations may be expressed as follows: (1), the experi- 
mentally determined equilibrium constants would need to e too 
large by a factor of about 3; (2), the assigned values for the vibrational 
frequencies in ethylene or ethane, or both, would need to be in 
considerable error; and (3), the present calculated difference between 
the rotational entropies of ethylene and ethane would need to be too 
large by about 2% calories per degree per mole. From the many 
concordant equilibrium data obtained in diverse ways by different 
investigators, it seems rather improbable that the experimentally 
determined equilibrium constants can be in error by a signifi- 
cant mount. It appears then that an explanation for the dis- 
crepancy must come from the spectroscopic and other molecular 
data which are utilized in evaluating the rotational and vibrational 
energy levels of the ethylene and ethane molecules. For example, 
part or all of the discrepancy may be resolved by appropriately 
restricting, in the ethane molecule, the rotation of the two methyl 
groups about the carbon-carbon bond, or by reducing, in the ethylene 
molecule, the magnitude of the torsional frequency about the carbon- 
carbon double bond. 
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ACCURATE REPRESENTATION OF REFRACTIVE INDEX 
OF DISTILLED WATER AS A FUNCTION OF WAVE 


LENGTH 
By Leroy W. Tilton 


ABSTRACT 


Technique in using the Ketteler-Helmholtz dispersion equation is discussed 
and validity in representing the dispersion of water over the visible range of 
wave lengths is tested by least-squares adjustments of sixth-decimal-place refrac- 
tive indices. It is concluded that four parameters are sufficient for accuracy 
within the spectral range investigated. 


CONTENTS 


I. Introductory discussion of dispersion equations 

II. Refractive-index data 

III. Computational procedures 
1. Equation 1, two Sellmeier terms, four (independent) parameters_ 
2. Equation 4, infrared term expanded, five parameters 
3. Equation 11, both Sellmeier terms expanded, six parameters-.--- 
4. Equation 4, term in A‘ omitted, four parameters 

IV. Comparative merits of four, five, and six parameters 
1. Relative goodness of fit and Chi-test 
2. Concluding discussion 


I. INTRODUCTORY DISCUSSION OF DISPERSION 
EQUATIONS 


_ Many dispersion formulas in use for representing the refractive 
indices of transparent media are approximations to the form 


M 
ta=de—) pant) oe (1) 


is the dielectric constant, L? and [? with appropriate subscripts are 
used to designate, respectively, the effective wave lengths of ab- 
sorption bands in the infrared and the ultraviolet regions; and 
similarly M and m are corresponding parameters. This is the equa- 
tion to which the complete Ketteler-Helmholtz equations reduce for 
regions exclusive of the absorption bands. Strictly speaking, vacuum 
values should be used for n, the index of refraction, and for \, the wave 
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length, but the index of refraction of air is so near unity and its dis. 
persion so small that dispersion equations are frequently used for the 
combined system air plus the medium in question. This practice hag 
been followed in this paper and in evaluating parameters all waye 
lengths are expressed in microns. 

In some cases it has been found that only one infrared term and 
one ultraviolet term are necessary for satisfactory approximations, 
With only these two Sellmeier terms there are in reality but four 
independent parameters to be determined and for a simultaneous 
solution the equation may be written as 


n?—1 n?—1 1(/MP , mL 

na ery ery —p te) +t Ete), @ 
where, inclosed in parentheses, there is a linearly independent set of 
four groups of unknowns. If, then, equation 1 is limited to three 
terms, its five parameters may be computed from the four groups of 
parameters as formed in equation 2. Equation 2, however, is not 
necessarily suitable for direct adjustments by least squares because 
it is not solved ' for n*. Thus errors in the observed values of n? 
are involved in the coefficients to be used in the least-squares process 
and this may or may not be of importance in the adjustment that is 
obtained. 

A thoroughly reliable adjustment of the parameters of equation 1 
can be made after an approximate solution is obtained and the process 
of differentiation applied for obtaining the equation 


? ? M ? 
ant=sa An) — ew OT) tee) + 


Trp (AL, @) 


which can then be used in adjusting by least squares the system of 
betterments inclosed in parentheses. These betterments in turn per- 
mit revision of the parameters which were used in the approximate 
solution. In applying a procedure of this kind it should be remem- 
bered that second and higher order derivatives are ignored. Con- 
sequently, it is important, perhaps especially so with this particular 
equation (see section III and fig. 1), that the approximate solution 
be so good that equation 3 can be used with validity. 

It is evident that equation 1 is not desirably convenient for curve 
fitting and usually when two Sellmeier terms are to be used, at least 
one of them is expanded and a more convenient form such as 


n=a—kN—p—___.+ 55 (4) 


isobtained. The remarkablesuccess that has, in general, been attained 
in using this equation (even without the term in }‘) is probably 
ascribable to the fact that not only one Sellmeier term but many are 
simultaneously approximated. That is, 

1 The fact that an equation is given for n? rather than for n is a relativel pee ako matter in its use 
for curve fitting. A least-squares adjustment of n? rather than of n is in effect an implicit ve of the 
observations but the percentage variation in these weights over the total range of n is usually small aad 


negligible. Throughout this paper it is assumed that errors in \ are small as compared with those other 
wise involved in index measurement, 
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v=a’>.— T? 
M 
LY 
M 

p= Te’ etc., 

m, and [? } 





are some of the potential values of the parameters in the expanded 
form. Incidentally this view shows, also, why it is unsafe to assume ? 
that the ratio k/p equals LZ? and gives the location of an effective 
absorption band. ; epee 

Equation 4 may, for convenience in simultaneous solutions, be 
written 


n= ZC) + ya(m—aP)—NE—pP)—MO)+@+E), 6) 


but again, as for equation 2, a direct adjustment by least squares is, 
theoretically at least, inadvisable because the equation is not solved 
for n?. One may, of course, use the differential process and the 
equation 


An?=Aa?— Ak—\Ap+ xpam-+ Oe (7) 


but there is a more direct procedure * which the writer has tried and 
found satisfactory. If for /? an approximate value /?, can be found 
from previous experience, or in any way whatsoever, then after 
setting 

rg BN © 

e=—l*—l, 

b?= (a?— L2e— 1p), (8) 
and h=(k+2l,*p), 


one may write 
m 
w— é 


n?=b?—hy?—pyt+ 


to correspond to equation 4. Then the equation 


n= Tet (m—VE)—wh—pe)— wp + Phe) (10) 


corresponds to equation 6 and can be used for a direct least-squares 
adjustment of the linearly independent set of unknowns e2, (m—b*?), 
(h—pe*), p, and (b?+he*). If 2 of equations 8 has been suitably 
chosen, then there will be no appreciable error introduced by neglect- 
ing in equation 10 the slight error in the coefficient, n?/y?, of the first 
right-hand term. 


— 
18ee, for example, p. 390 of Wood’s Physical Optics, 1911 edition. 
Suggested to the writer by Dr. L. B. Tuckerman of this Bureau. 
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Referring again to equation 1, if both types of Sellmeier terms are 
expanded, there results 


n'=a?—kN—ph—gn— batt ----s (11) 


where, in addition to the system expressed by equation 5, v= 3m 
w=ml?, etc. This equation 11 is linear in the parameters and com. 
paratively convenient for a direct least-squares solution. If data with 
several significant figures must be adjusted and if, as is often the cage 
with these dispersion equations, there is serious loss of significance in 
the process of solving the normal equations, then it may be necessary 
or advisable to adjust betterments by use of the equation 


An?= Aa?— *Ak— MAp— \Ag—---- +5 340-+ 5,00 — 


which is obtained after differentiating equation 11. 


II. REFRACTIVE-INDEX DATA 


During a period of preparation for making definitive measurements 
on the index of refraction of distilled water, preliminary data were 
obtained by measurements on 24 samples, of approximately 9 ml 
each, taken successively from storage in a glass bottle of 5 gallons 
capacity on 24 working days between March 23 and May 4, 1931. 
The refractive indices of these samples were measured at 20.00° 0 
for 25 different wave lengths from 3889 to 7679 angstroms. When 
measuring a single sample, only four or five spectral lines were used, 
but these were always so selected that each day’s measurements were 
well distributed over the visible spectrum. 

All index measurements were made by the method of minimum de- 
viation using a water-jacketed hollow prism mounted in a stirred air 
bath on the table of a spectrometer. Temperatures were controlled 
within approximately +0.01° C and were measured with a platinum- 
resistance thermometer. All index results were corrected to refer to 
dry air at 20.0° C and a pressure of 760 mm of mercury. The tem- 

erature-controlled prism housing and other auxiliary apparatus have 
coun described in a previous paper,‘ and a description of the hollow 
prism will be given in a forth coming paper with Mr. John K. Taylor, 
who cooperated in taking the data that are used in these tests of 
dispersion equations. 

Previously published tests of this kind have usually been made 
with four- and five-decimal-place data. In the present case it was 
estimated that errors in the observed indices were confined to the sixth 
decimal place and perhaps were less than +5 parts per million” 
Moreover, these indices were preliminary to experiments which were 
to be more carefully conducted. The latter, however, were to be 
based on fewer spectral lines and to be confined within a somewhat 
more restricted total range in the wave-length interval. Conse 
quently, for subsequent use in adjusting the definitive data, it seemed 
desirable to use first the preliminary results in testing and selecting 

‘J. Research NBS 17, 389 (1936) RP919. 
5 Many precautionary details necessary for refractive-index determinations of this order of accuracy have 


been discussed by the writer in former papers. For a brief summary and references see J. Research NBS 
14, 417 (1935) RP776. 
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q dispersion formula for which the added systematic errors of a com- 
putational nature should, if possible, be confined approximately to 
the seventh decimal place. Schénrock’s® experience in accurately 
representing the refractive indices of fluorite with a five-parameter 
equation (4) indicated that success could probably be attained. 
Nevertheless, comparative tests were desired in order to select a 
convenient equation having a minimum number of parameters; also 
to permit an objective quantitative estimate of the systematic errors 
involved in its use for this particular medium, water. 

For these reasons equations 1 (with three terms only), 4 (both 
with and without the \* term), and 11 have been considered and 
tested in choosing a dispersion equation for use in adjusting, repres- 
enting, and interpolating precise data on the refractive index of 
distilled water. 


III. COMPUTATIONAL PROCEDURES 


The numerical difficulties in making least-squares solutions for 
data having seven significant figures are formidable. Mere arith- 
metical accuracy in such computations on many data is difficult. In 
addition, during the process of solving normal equations,’ there some- 
times occurs a loss of significant figures that may be troublesome 
even when only two or three digits are required for expressing the 
parameters that are to be adjusted. Theoretically, of course, this 
ean be avoided by some suitable change in the initial equation or in 
the manner in which the solution is attempted. Practically, however, 
it is usually quicker and easier to resolve the normal equations,® 
considering their coefficients as exact numbers and retaining through- 
out a second solution as many extra digits as were lost during the 
first attempt. When six or seven significant figures are required in 
some of the parameters it is evident, therefore, that the situation may 
become serious because the theoretically possible alternate procedure 
may be hopelessly involved and obscure, especially if one is concerned 
with as many as five or six unknowns. 

It is, perhaps, partly for the reasons outlined above that dispersion 
parameters are seldom thoroughly and completely adjusted when 
four or more parameters are used. Usually a value based on entirely 
extraneous evidence is arbitrarily preassigned to one or more of the 
parameters. Empirically this course is usually justifiable and it is 
often advisable when the sole purpose is adjustment of the observa- 
tions. It should be remembered, however, that this procedure may 
decidedly influence the values which will be obtained for some of 

§Z. Instrk. 40, 93-96 (1920); 41, 103-105 (1921). 

7 Some of the numerical difficulties here discussed are, of course, not peculiar to normal equations but 
may occur in other computations. Dr. Tuckerman called the writer’s attention to this simple illustrative 
example. Assume a current I flowing through a galvanometer of resistance R, with a shunt R., where R, 


is small in comparison with Ry, say approximately 1/10000 of R,. Let each of these three quantities be 

observed to three or four significant figures. Then it jee at first impossible to get three or four signi- 

ficant figures when computing J,=J—I, where I= Bt Nevertheless, by considering the observed 
ae ris y! . ad 

values as exact and retaining throughout the computation a sufficient number of significant figures, perhaps 

Seven or eight, one — the same result (to three or four figures) that is found by using the more appro- 

priate formula hE TR, and retaining only three or four significant figures in the computation. 


* There seems to be no necessity of revising the “observational equations” and the squares and cross 
pions after they have once been correctly computed and written with a sufficient number of significant 
sures to yield, by the process of summation, normal-equation coefficients having as many significant figures 


accent in the initial data, if the solution is direct, or in the residuals if the process be one of differential 


99074—86—_2 
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the other parameters. Such arbitrary selection of one parameter 
may, therefore, vitiate or call in question the inferences which in some 
instances are drawn from adjusted values of the others.® This point 
is particularly pertinent for dispersion equations of the type here 
considered. Some of these parameters are especially sensitive to 
arbitrary changes in others and yet their “adjusted” values are often 
regarded as having informative value regarding the location of 
resonance frequencies, or absorption bands. 


1. EQUATION 1, TWO SELLMEIER TERMS, FOUR (INDEPENDENT) 
PARAMETERS 


In using equations 2 and 3 for adjusting four parameters in (three 
terms of) equation 1, the computational difficulties were somewhat 
aggravated by the unsuitable nature or form of this two-Sellmeier- 
term equation as a means of accurately representing the dispersion of 
water. That this equation, as thus limited, might be found relatively 
unsuitable could have been predicted from dispersion theory and the 
known large dielectric constant of water. However, it does not 
follow that this equation 1 must necessarily be inferior to equation 4 
when the latter is limited to four terms. 

A simultaneous solution with equation 2 gave obviously large 
residuals. Differential betterment by least squares with equation 3 
effected such large changes in the parameters that the results were 
even worse than the initial computations. A second simultaneous 
solution with equation 2 (using a second set of observed indices) 
likewise resulted in computed indices that agreed poorly with the 
observations, so poorly that a continuation with betterments by 
equation 3 was not advisable. Thus it seemed imperative to obtain 
better approximate values before second derivatives could safely 
be ignored. For this purpose a direct least-squares solution with 
equation 2 was attempted, but a solution of the normal equations, 
using nine significant figures, failed to yield even one significant 

MPF , mL’ 
figure for the group (A+) of unknowns. 

In most instances of difficult solutions at least some significant 
figures are obtained in solving for one of the unknowns and one knows 
at once how many digits must be retained in a successful re-solution 
of the normal equations. In this case, however, there was no indica- 
tion as to what computational precision would be sufficient. Conse- 
quently, using the normal equations, the three other groups of un- 

: MP , mL? : 
knowns were then expressed in terms of (Get and this sys 
tem was repeatedly solved for several even (exact) values of I’ 
such as 1, 2, 4, 9, and 36, all of which correspond roughly with known 
absorbing frequencies in the infrared spectrum of water. 

In every case within this wide range of L? these sets of parameters 
were computed with internal consistency to about nine significant 
figures and they satisfied the normal equations to about eight or nine 
significant figures. Of these various sets of parameters none seem 
really satisfactory but the one with L’=2 gave the lowest sum of the 
squared residuals, and L?=4 was next best. Then after trying 2.1, 


§ See, for example, E. Flatow, Ann. Physik [4] 12, 93 (1903). 





D nz 


10'* x = rr? WHERE r-OBSERVED nN? MINUS COMPUTE 
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9.25, 2.4, and 3.0 and plotting (see fig. 1) the corresponding values of 
yr, a value of L?=2.25 was selected as approximately an optimum. 
The corresponding set of parameters was then bettered by a least- 
squares solution with the aid of equation 3. Some significant figures 
were lost in this last process, but the betterments themselves were 
emparatively small. In the resulting dispersion formula, 


0.0315734 0.00701841 


_— — ’ 
m= 1.7726479—~59535795— WN * Y—0.0092513 (18) 
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DISPERSION PARAMETER (2 


Ficure 1.—Determining by trial the first of four dispersion parameters of equation 1. 


In this difficult case of adjustment by least squares it was necessary to express three parameters in terms 
ofa fourth and then plot 2r? for various arbitrarily selected values of the fourth. All sets of parameters 
having L? in the range 1 to 36 satisfied the normal equations to 8 or 9 significant figures. 


the consistency of the full set of constants is adjusted with a precision 
fully as great as is warranted by the observations, but it is recognized 
that further least-squares adjustment by renewed application of equa- 
tin 3 would introduce compensatory changes among these constants 
that in some instances might materially change the penultimate digits. 

Incidentally, the final Zr’, although slightly lower than the similar 
summation for L?=2.25 is not noticeably off the curve which has been 
plotted in figure 1 for those various computations that are all in accord 
(to eight significant figures) with normal equations obtained by the 
tid of equation 2. This means that errors in the observed values of 
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n’, which were allowed to enter in the right-hand of equation 2, were 
not in this instance of any importance. It also means that at least 
one of the constants of formula 13 can, with approximately the same 
validity in representing the observations, be rounded to three signif. 
cant figures, provided it be considered as exact whenever used (in. 
cluding most particularly its use in the computation of the other 
constants in such manner that all of them form a consistent set that 
satisfies the normal equations). 


2. EQUATION 4, INFRARED TERM EXPANDED, FIVE PARAMETERS 


Comparatively little or no serious computational difficulty was ex. 
perienced in determining and adjusting five parameters of equation 4 
to express the dispersion of water. Not more than five or six signifi. 
cant figures were lost in solving the normal equations. Even the 
exploratory simultaneous solution by equation 6 was fairly good and 
a direct least-squares solution by the same equation showed, again, 
that the use of observed values of n? in computing the coefficients of 
the observational equations is not necessarily dangerous. A better- 
ment by using equation 7 made only a negligible reduction in 3p 
but effected noticeably large compensatory changes among the values 
of the several constants. The dispersion formula 


n?=1.7611069—0.0107941\?—0.0009048'-+ ee (14) 





was thus obtained, and as stated concerning formula 13, it is likely 
that some small changes in the constants would result upon further 
readjustment. 


3. EQUATION 11, BOTH SELLMEIER TERMS EXPANDED, SIX 
PARAMETERS 


When a simultaneous solution was made for approximating the 
six parameters of equation 11 the residuals seemed small enough to 
warrant immediate continuation with a least-squares adjustment of 
the betterments, using equation 12 and omitting a preliminary 
direct solution (by least squares) with equation 11. The result of 
this work is the dispersion formula 


n?= 1.7606279 —0.0079050 \?—0.0066381 \*+-0.0038681° 


0.00649123 , 0.000111406 15 
+ Xa + r* , ( 


for which =r? is appreciably lower than for the initial (simultaneous) 
determination. Again, however, five or six significant figures were 
lost in solving the normal equations and some of the betterments 
were so large that the numerical coefficients in formula 15 are, per- 
haps, not in strictly optimum adjustment. 





4. EQUATION 4, TERM IN \*‘ OMITTED, FOUR PARAMETERS 


Equation 4, without the term in \‘, is one of the most commonly 
used equations for expressing dispersion. For simultaneous solu- 
tions four parameters may be easily evaluated from the system of 
equations: 
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p—AM— MP 
A-—1 


Aog3— A 
m= ba S34) 


i 
k=Ay 5,5. 


and a=n+khy—S, 
1 








WM (Aa — su) _ ni—n? _ ne —Ng . 
where Gua) VRE at)? BAY Oye oles 


i= (Ar—P), d2=(A*»,—l’), ete., and the subscripts refer successively 
to values of n? and )? from the four sets of observations that are to be 
used. 

In using equaticns 16 it is obviously important to have the sets of 
observed data separated by wide intervals in wave length. For 
water, with observations extending over the visible spectrum, no 
serious loss of significance need occur, and the constants as thus 
obtained are often sufficiently reliable to serve as a useful basis for 
differential betterment by four terms of equation 7. 

Direct least-squares solutions for these constants by using equation 
6 also have proved fairly satisfactory for adjustment of the observa- 
tions, but for a single least-squares process, where the initial results 
are not to be bettered, it is preferable to use equation 10. In general, 
however, whether using equations 7, 6, or 10, about four significant 
figures are lost in solving the normal equations. Therefore, if one 
desires to adjust the constants themselves it is unsafe to neglect a 
betterment based on the residuals that are given after any initial 
least-squares adjustment. From the particular data considered in 
this paper the dispersion formula 

n?=1.7616034—0.0119397?+ cn i 


”’—0.0148669 


was finally obtained for comparison with formula 13 and the more 
elaborate formulas 14 and 15. 





(17) 


IV. COMPARATIVE MERITS OF FOUR, FIVE, AND SIX 
PARAMETERS 


1. RELATIVE GOODNESS OF FIT AND CHI-TEST 


When only one formula is used for representing a given set of data, 
some idea of its suitability for the purpose can be obtained by an 
examination of the residuals. Also, one may use the Chi-test'® to 
measure quantitatively in terms of probability the goodness of fit 
which is obtained, provided a numerical estimate of the precision of 
the data is known a priori. When, however, for an identical set of 
data, and identical assumptions concerning the weighting, there are 
several different formulas fitted by least squares to the observations, 
then these formulas may be directly compared as to relative goodness 
of fit by forming in each case an estimate of some characteristic error 
for an observation of unit weight. Estimates of this sort may be 


ee 
” For a recent discussion of this test, see W. Edwards Deming, J. Am. Statistical Assn. 29, 372-382 (1934). 
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based on the assumption that the chances are about even for obtain. 
ing, purely by chance and exclusive of peculiarities or defects in the 
formula itself, a worse fit than has been found. Then, if probable 
error be the characteristic measure of precision selected for the basis 
of comparison it is estimated as P. E.=0.67452r?/C, where C ig 
the number of observations decreased by the number of adjustable 
parameters in the formula. 

The results of tests and intercomparisons of formulas 17, 13, 14, 
and 15 are given in table 1 where many of the entries are self-ex. 
planatory. Excepting for the unsuitable formula 13, none of the 
estimated probable errors seems unreasonably large, especially when 
it is considered that these data were preliminary observations and 
not made with the approved technique which was later adopted for 
the definitive measurements. Moreover, it should be noticed that 
these estimated probable errors do not differ for the equations 17, 
14, and 15 (with four, five, and six parameters, respectively) by as 
much as the probable error in these estimates, namely, 0.477 P. £./0, 
Consequently, there is in this particular little or no definite indication 
that these three formulas would have the same relative standing if 
again compared by using them to represent another set of similar 
index data. 

There should, of course, for this single set of data, be only one final 
estimate of the probable error of a single observation of weight unity, 
From the estimates in table 1 (and imperfection in a formula tends 
to make these values high) it appears that the probable error is not 
greater than +1.410~ in index and from the details of the observa- 
tions the probable error is directly computed as +1.26X10-°. As. 
suming, then, a probable error of +1.310~° as an a priori estimate, 
there have been computed from the Chi-tables, and listed in table 1 
the probabilities, P, that the actually observed degrees of failure to 
fit might be worse purely by chance even if the corresponding formulas 
were perfectly suitable for the purpose of expressing the dispersion of 
water. For formula 17, then, the tabulated probability 0.23 is not 
seriously below the optimum value which is 0.50 approximately. 
In other words, even a perfect formula would, in about 23 of 100 such 
tests, fail to appear as suitable as does formula 17 when judged by 
this one test. 


TABLE 1.—Statistical comparison of dispersion formulas 





Designation of formula 

Number of independent parameters 

Number of + residuals (observed minus computed index) ---—-- 
Number of — residuals 

Number of changes in sign of adjacent residuals 

Number of non-changes in sign of adjacent residuals 


10¢2r=algebraic sum of residuals. .................. -....--.--- 
105 Xalgebraic average residual 

1062 |r|=arithmetic sum of residuals 

10°Xarithmetic average residual 

10 median residual 

102X<zr? 


10°Xestimated P. E. (assuming that existing degree of fit can be 
worse by chance alone in 50 percent of such tests) 

10 Xestimated P. EZ. of estimated P. E 

Number of observations minus number of parameters 

a fy (1.483 P. E.)?, where P. E. is estimated a priori as+1.3X 


priori as+1.3X10-t in index 0 Very small 
Odds that formula is imperfect in form Very great 




















{a= ee 
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2. CONCLUDING DISCUSSION 


The manner in which the four dispersion formulas fit the refractive- 
index data is illustrated in figure 2, where everything is referred to a 
datum or reference line, An=O, that corresponds to values of the 
refractive index of distilled water as computed by the general inter- 

lation formula which has been adjusted to fit all approved data ™ 
on water taken in the refractometric laboratory at this Bureau. The 
four-constant formula 13 is obviously unsuitable and necessarily in- 
accurate for representing the data, and it is thus indicated that there 
js no single effective location of an absorption band in the infrared 
region that will serve to replace the bands which actually exist for 

ter. 
Referring to the average location and trend of the other curves in 
figure 2, the general lack of parallelism to the line An=0 is probably 
attributable to the accidental distribution of errors in this sample of 


5500 
WAVE LENGTH IN ANGSTROMS 


Fiaure 2.—Comparison of dispersion formulas. 


Formulas 17, 13, 14, and 15, with 4, 4’, 5, and 6 parameters, respectively, were adjusted by least squares to 
fit preliminary refractive-index data taken at 20.0° C on distilled water. Circular dots represent obser- 
vations and lines represent computed indices. The reference line An=0 corresponds to indices computed 
by a general interpolation formula (based on formula 17) to fit more numerous data on distilled water 
which were subsequently taken with improved technique and procedures, 


only 25 observations. One notices, particularly, an especially high 
index for the faint helium line 4388 A; also the low value for the faint 
helium line 5048 A, and the high value for the faint mercury line 
6907 A. The average increase of 3 10~* in index which these samples 
show is attributed to slight contamination of the water which was not 
freshly distilled but had been stored in a dark-room where ammonia 
and other chemicals were kept. Moreover, during some of these 
initial experiments the hollow prism was almost entirely filled and a 
paper collar on the glass stem of the platinum-resistance thermometer 
was inadvertently allowed to touch the water. For these reasons, 
A total of 133 observations were used in adjusting by least squares a formula with 13 constants which 


represents the refractive index of distilled water in the visible region of the spectrum for the range 0 to 60° C. 


An account of this work by the writer, i 1 ti ith 4 4 lor, i 
publication in this journal.” snseuniecummaal — ee 
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and also because complete tables of the refractive index and disper. 
sion of water are to be included in a later account of work with mor 
careful and approved procedures, no explicit values for these data are 
included in this paper. 

It is evident from figure 2 that each of formulas 17, 14, and 15 
agrees well with the average for all three of them. Aside from ey. 
tremes of wave length, there is only one instance for which an indj. 
vidually computed index differs from this average by as much ag 
6X<10~’. Thus it seems that the Ketteler-Helmholtz dispersion 
formula 17 with four constants is probably adequate in representing 
the refractivity of water in the visible region to approximately 
+5X10-* or better. 

As shown by certain data in table 1, there is, from a purely statistical 
viewpoint, some indication of slight added superiority of the five- and 
six-constant formulas for fitting this particular sample of 25 indices, 
On the other hand, the slight advantage is not reliably indicated and, 
moreover, experience in using these formulas leads one to suspect that 
part of the apparent superiority may result from a greater flexibilit 
which permits further and perhaps undesirable yielding to the acej- 
dental peculiarities of a limited set of data. 

In the writer’s opinion, then, the advantages of using more than 
four parameters in a dispersion equation for water in the visible range 
are not sufficiently apparent to justify the extra labor in their adjust- 
ment and results with added parameters may, perhaps, be less reliable 
at and near the extremes of the spectral range that is employed. 


WASHINGTON, July 18, 1936. 
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INKS FOR RECORDING INSTRUMENTS 
By C. E. Waters 


ABSTRACT 


Inks for recording instruments are made by dissolving dyes in a mixture of 
glycerin and water. They dry chiefly by being absorbed by the paper, and for 
that reason lines drawn with them have a tendency to “‘feather’’, or have irregular 
edges. ‘The paper and the nature of the dye determine whether or not there will 
be feathering. A series of 38 inks was made by dissolving each of 19 acid, or 
basic dyes in 2 mixtures (1:1 and 1:3) of glycerin and water. Another series of 
inks was made by dissolving each of 16 direct dyes in the 2 mixtures of glycerin 
and water; and a third series by dissolving the same 16 dyes in similarly diluted 
ethylene glycol. All the inks were tested by drawing lines on five kinds of paper, 
three of which were charts provided with recording instruments. 

In the 190 tests of the 38 inks of the first series, on the 5 papers, only 10 lines 
were rated as nonfeathering, with 108 slightly, and 72 decidedly, feathering. 
The proportion of water made little difference in the results. 

The inks of the second and third series, made with direct dyes, were in general 
greatly superior to those of the first series. The 16 direct dyes, each in 4 solvents, 
made 64 inks, with which 320 lines were drawn on the 5 papers. Of these lines, 
227 were rated as nonfeathering, 48 as slightly feathering, and 45 as decidedly 
feathering. Further analysis of the results shows that glycerin is better than 
ethylene glycol at the same dilution, and that the inks with the larger proportion 
of water made sharper lines than those with less water. 

There are numerous kinds of instruments for making continuous 
records of temperature, barometric and steam pressures, electric 
voltage, etc. The record consists of a line, or of a series of dots, 
on a circular card or on a long roll of paper. The instrument may 
have to run a long time without attention, so there must be an 
ample supply of ink of a kind that will not dry on the pen it it is in- 
doors, nor freeze at outdoor temperatures in winter. For many 
years the United States Weather Bureau has used recording ink made 
by dissolving a dye in a mixture of equal volumes of glycerol and 
water. This mixture is a good “antifreeze’’, yet there are parts of 
the United States where it would be solid in winter. To overcome 
this difficulty, enough ethyl alcohol to keep the ink fluid at any 
winter temperature is added to the ink. 

For use with instruments located indoors, a mixture of 1 volume 

’ . 

of glycerol and 3 volumes of water has been found to make a satisfactory 
recording ink. 
_ The properties of glycerol that make it so valuable in recording 
inks are disadvantages as soon as the ink is put upon paper. Because 
the ink must dry almost entirely by being absorbed, the marks are 
apt to be “feathered”, or have uneven edges. The ink spreads in 
all directions from the actual marks made by the pen and does not 
simply sink into the paper. 

hether or not feathering occurs depends to a great extent upon 
the properties of the paper or card upon which the record is made, 
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but the results of tests to be described in this paper indicate that the 
nature of the dye is not to be overlooked. That this was the cage 
had been suspected, and in order to get definite information on the 
subject, a number of experiments were made with inks prepared by 
dissolving selected dyes in glycerol and water of two dilutions, 
One set of inks was made with a mixture of equal volumes of glycero] 
and water, and another set with a mixture of 1 volume of glycerol and 
3 of water. A series of 19 dyes, 17 of them acid and 7 basic, were 
chosen for the first series of experiments. Enough of each dye to 
give a satisfactory depth of color was dissolved. With the 36 inks 
made from these dyes, lines were drawn on 9 kinds of paper, including 
the thin cards provided by the manufacturers of some recording 
instruments. The lines were drawn with an ordinary gold writi 
pen, and after they had dried spontaneously, were inspected an 
rated. According to their appearance they were marked “N” (no 
feathering, “SF”’ (slight feathering), and “F” (decided feathering), 
Naturally there were no hard and fast boundaries between the three 
groups. Probably the majority of the “‘“S?’’ lines would have passed 
muster as very satisfactory for nearly all uses. 

Later, 2 series of tests were made with 16 other dyes, on 5 kinds 
of paper that were duplicate sheets of 5 of the kinds used in the first 
series of tests. A less confusing comparison can be made between 
the 2 sets of dyes if only the results obtained with these 5 kinds of 
paper are considered. 

Table 1 summarizes the results on each of the 5 papers on which 
lines were drawn with 38 inks made with acid and basic dyes. Paper 
no. 3 was scratch-pad paper used at the National Bureau of Stand- 
ards. This paper is usually satisfactory for writing with blue-black 
iron gallotannate ink, but at times red writing ink, made by dissolving 
a dye in water, shows a tendency to feather on it. Number 5 wasa 
bond paper, used as a “heavy second” sheet for writing official letters 
at the Bureau. Numbers 7, 8, and 10 were circular charts, of different 
thicknesses, for use with 3 kinds of recording instruments. 


TABLE 1.—Tests with acid and basic dyes 
[Dissolved in the two mixtures of glycerol and water] 








0 
30 
8 














{t is evident that 2 of the papers were distinctly inferior to the other 
3, and that the 19 dyes did not make conspicuously good recording 
inks, unless the lines rated as ““SF’”’ would be acceptable. Only 10 
of the total 190 lines were rated as “‘N’”’. 

An analysis of the results of the 190 tests made it clear that the 
nature of the dye had less to do with the feathering than the paper on 
which the lines were drawn. It seems unnecessary to give the detailed 
results, in view of what is to follow. 

Direct dyes are those that are readily taken up by vegetable fibers 
and are firmly held, without the use of a mordant, to produce insoluble 
compounds with the dyes in and on the fibers. It seemed possible 


1 Acknowledgment is made of the courtesy of A. K. Gyzander, of the National Aniline & Chemical Co., 
New York, N. Y., for supplying without charge a 2-ounce sample of each of the dyes. 
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that inks made with direct dyes might show less feathering than those 
just discussed, because the fibers of the paper might adsorb the dyes 
at the marks made by the pen, or so close to the marks that their 
outlines would remain sharp. A few preliminary tests with direct 
dyes that happened to be at hand were sufficiently encouraging to 
make it desirable to carefully test a series of direct dyes obtained from 
asingle manufacturer. Accordingly, 17 direct dyes were so obtained,! 
and were made into 34 inks by dissolving them in the 2 mixtures of 
glycerol and water, at the rate of 10 g of dye in a liter. This is the 
concentration of the recording inks used by the Weather Bureau. 

One of the dyes, toluylene orange R, did not dissolve completely, and 
the turbid solution showed practically no sign of clearing by settling 
when left undisturbed for several days. Another dye, diamine green 
B, set to a sort of soft jelly on standing overnight. This became fluid 
when shaken, and there was no difficulty about drawing the lines with 
it. In all the tests with direct dyes, the lines were made with a ruling 
pen. There was one yellow dye, chloramine yellow, which is not in- 
cluded in the discussion of the inks made with direct dyes. Because 
of its pale color, and its brightness, there was little contrast between 
the lines and the white paper, so it was impossible to decide how the 
lines should be rated. Of the remaining 16 dyes, 2 were labeled dif- 
ferently by the manufactuer, though they had the same number in 
the Colour Index. They were considered as two distinct dyes, how- 
ever. There were 32 inks in this set. Table 2 shows how much better 
results the direct dyes gave than were obtained with the acid and 
basic dyes. 

TABLE 2.—Tesis with direct dyes 


[Dissolved in two mixtures of glycerol and water] 





3 5 





26 21 
4 11 
2 0 

















Of the 160 lines, 131 were rated as nonfeathering. If there had 
been the same proportion in the first series, 155 of the 190 lines would 
have been nonfeathering, instead of only 10. 

Ethylene glycol is a liquid that is like glycerol in being hygroscopic 
and practically nonvolatile at ordinary temperatures, but differs from 
itn being somewhat more fluid. It was thought that it might make 
inks as good as those prepared with glycerol, so the 16 direct dyes were 
used for a series of 32 inks, half of which were made with a mixture of 
equal volumes of ethylene glycol and water, and the other half with 3 
volumes of water to 1 of the glycol. They were tested on the same 
gg as the other inks. The results of the 160 tests are in 

e 3. 
TABLE 3.—Tests with direct dyes 


[Dissolved in two mixtures of ethylene glycol and water] 





7 
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A comparison of table 1 with tables 2 and 3 shows that the direg 
dyes are far superior to the acid and basic dyes that were tested. The 
direct dyes were selected for their range of colors, and not because of 
any definite knowledge that these particular ones would prove to be 
so superior. Indeed, the preliminary tests with direct dyes, referred 
to above, were made with nine dyes, only three of which were the same 
as those used in the more careful tests. It would strengthen the cage 
for the direct dyes if the results of the preliminary tests were given, 
but this does not seem necessary. 

Tables 2 and 3 show that mixtures of glycerol and water are better 
than mixtures of ethylene glycol and water as solvents for making 
recording inks. Table 4 presents the results in a different way, and 
shows that the inks with the larger proportion of water are much 
better than the others, so far as the direct dyes are concerned. There 
was no such clear-cut distinction in the case of the inks made with 
acid and basic dyes, so it is not worth while to give the detailed results 
of the tests made with them. 


TABLE 4.—Tests with direct dyes 


[Showing the effect of increasing the proportion of water] 





Glycerol-water Glycol-water 





Group 
1:3 


| 





| 
1:1 | 1:3 1 334 


YD, ERE ie Se ER eS A ae ER Te a g 
TORE Fao nesecnnnccpenccccksutdddndbeesdebkeeaa 








| 
2 | 79 | 7| 
1 1 | 5 | 
7 0 || 38 | 

| | 





It should be said that the 2 sets of inks made with the 19 acid 
and basic dyes were prepared and tested 3 days apart, under some- 
what different weather conditions on the 2 days. The 4 sets of inks 
containing the 16 direct dyes were prepared on different days, but 
the 160 lines were all drawn within about 3 hours, on a morning when 
there was no noticeable change in the weather. The temperature 
of the laboratory was 28° C (82° F), and the relative humidity about 


65 percent. 
TaBLeE 5.—Direct dyes used in the tests 





Colour | Colour 
Name of dye Index Name of dye 
number 





SF REO RE EF ONO 326 


Congo red 370 
Toluylene orange R. 446 || Oxamine blue 4R (Erie violet 2B) 


Toluylene orange G 478 || Bismarck brown R 
Pyrazol orange 653 || Benzamine brown 3GO 


Chloramine yellow 814 
Chloramine green B 589 


Diamine green B 593 RXOO) ; 
Diamine sky blue FF. 518 —_, deep black RW (Erie black 

















For the information of those who may be interested, the names 
of the direct dyes are given in table 5. ‘The yellow dye is included 
because it might be needed to modify the hue of an ink of another 
color. The corresponding numbers of the dyes in the Colour Index 
are given for the better identification of the dye types. The names 
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of the dyes are not those on the manufacturer’s labels, because it 
seemed better to use the preferred names in the Year Book of the 
American Association of Textile Chemists and Colorists, but in 
three cases the manufacturer’s names are added because there might 
otherwise be confusion. 

A drawback to the use of a few of these dyes is the comparative 
dullness of their hues, in spite of the fact that they were selected 
because they were known to be brighter than the average direct 
dyes. The lines drawn with congo red were dark brownish red, and 
the solutions could have been less concentrated, to advantage. 
Chloramine green B and diamine green B made dull lines. If a 
brighter direct green dye cannot be had, a mixture of chloramine 
yellow and a blue dye might be tried. The three black inks should 
have contained more dye. This suggested the thought that if the 
solutions are made stronger so as to get a greater depth of color, the 
dye may not all be absorbed by the paper, and this may cause 
feathering, though the solution containing 10 g in a liter was satis- 
factory. To test this idea, eight inks were made with two con- 
centrations of four of the dyes in the mixture of equal volumes of 
glycerol and water. Congo red and diamine sky blue FF’ showed 
feathering at a concentration of 10 g in a liter, so each of them was 
dissolved at concentrations of 5 and 7.5 g in a liter. Of the black 
dyes, Erie black RXOO was dissolved at the rate of 12.5 and 15 g, 
and Erie black RW at 11 and 12 gina liter. These eight inks and 
the four originally tested were tried on the scratch-pad and bond 
papers. Changing the concentrations of the dyes had no definite 
effect upon the feathering of the inks. 

It is believed that the results here given are sufficient to show 
that for making recording inks with a minimum of feathering, only 
the direct dyes should be used; that a mixture of 1 volume of glyc- 
erol, or of glycol, and 3 volumes of water is a much better solvent 
than a mixture of equal volumes of the two liquids; and that ethylene 
glycol is not as good as glycerol at either dilution. 

The inks were prepared on July 9. On October 2 they were 
inspected, and it was found that some of the corks of the tubes 
in which the inks had been kept were moldy. When shaking the 
tubes to dissolve the dyes, all the corks had been wet with the inks. 
Of the inks made with equal volumes of glycerol and water, six con- 
tained dyes that permitted the growth of mold. Three, and possibly 
four, species of mold were growing and fruiting on the corks. With 
the mixture of 1 volume of glycerol and 3 volumes of water, there 
were 13 moldy corks, and in addition mold was growing on the sur- 
face of 3 of the inks. No mold could be detected on the corks that 
had been in contact with the inks made with ethylene glycol at 
either dilution. 


Wasuineton, August 17, 1936. 
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(CHANGE OF VOLUME OF RUBBER ON STRETCHING: 
EFFECTS OF TIME, ELONGATION, AND TEMPERATURE 


By William L. Holt and Archibald T. McPherson 


ABSTRACT 


The change of volume on stretching was studied for four rubber compounds; 
two were pure gum, and one each contained 10 percent by volume of carbon black 
and whiting, respectively. Samples were made in the form of narrow molded 
rings. Measurements of the change with time up to about 20 minutes were made 
with a water-filled dilatometer; for longer periods a mercury-filled dilatometer 
wasused. ‘The whiting compound increased in volume on stretching, presumably 
on account of the formation of vacuoles around the coarse particles of filler. 
With the other compounds the volume remained constant up to an elongation of 
200 or 300 percent, above which it decreased by an amount which was greater 
the higher the elongation, the lower the temperature, and the longer the time the 
rubber was kept stretched. The decrease was an approximately linear function 
of the logarithm of the time from a few minutes after stretching, to about 4 weeks, 
the duration of the experiment. The volume thermal expansivity of the stretched 
rubber was greater than that of the unstretched. Increased vulcanization of a 
given compound, in genera], decreased the volume change on stretching. The 
results indicate that, in the absence of coarse fillers, Poisson’s ratio for rubber is 
0.5 or greater, the numerical value depending upon the composition, the tem- 
perature, the time after stretching, and other factors. 


CONTENTS 


I. Introduction 
II. Preparation of samples 
III. Methods of measuring volume change 
1. Water-filled dilatometer for measurements at the shorter 
time intervals 
2. Mercury-filled dilatometer for measurements at the longer 
time intervals 
IV. Factors influencing change of volume 
1. Composition 
2. Elongation 
3. Time 
4, Temperature 
5. State of vulcanization 
6. Other factors 
Y. Poisson’s ratio 
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I. INTRODUCTION 


The present investigation was suggested by the work of Davey ang 
his students,' who found that a time lag of a few seconds elapsed 
between the stretching of rubber and the development of the fylj 
intensity of the X-ray diffraction pattern. Feuchter ? had previously 
shown that the volume of rubber decreased on stretching, and on the 
basis of these two observations one of the present authors predicted 
that a time lag would occur in the change of volume of rubber on 
stretching. When this time lag was looked for it was found without 
difficulty,? and seems to afford a simple, convenient means for study- 
ing the fibering or “crystallization” of stretched rubber. Incidental 
to studying this time lag observations were made as to the effect of 
ww temperature, and elongation on the volume of stretched 
rubber. 

The time lag has been recently observed in connection with the 
double refraction of stretched rubber, by Thiessen and Wittstadt,' 
and probably constitutes the effect which was dismissed by previous 
observers as “‘optical creep.” ® 

The literature on rubber contains a wide range of values for the 
change of volume on stretching and for Poisson’s ratio. Most of the 
data pertain to rubber-filler systems,® 7 which increase in volume on 
stretching because the formation of vacuoles around the coarse filler 
particles or aggregates increases the volume of the stretched rubber 
to a much greater extent than the fibering of the rubber phase de- 
creases it. 

Early investigators * who worked with rubber containing no fillers 
failed to observe any decrease in volume on stretching, probably for 
the reason that inhomogeneities such as sulphur crystals due to the 
relatively high percentage of sulphur used at that time led to the 
formation of vacuoles which masked the effect of fibering of the 
rubber phase. 


II. PREPARATION OF SAMPLES 


The samples used in the present investigation were molded rings 
which were made as thin as practical in the radial dimension so that 
when they were stretched the inside and the outside would have nearly 
the same elongation. The rings were approximately 1 mm in width, 
4 mm in depth, and 100 mm in average circumference. The inside 
circumference was about 96.9 mm and the outside, 103.1 mm, hence 
when the rings were stretched by a relatively large amount the actual 
elongation of the rubber ranged from about 3 parts per 100 below to 


1M. F. Acken, W. E. Singer, and W. P. Davey. X-ray study of rubber structure, Ind. Eng. Chem. %, 
54-57 (1932). ; 

John D. Long, William E. Singer, and W. P. Davey. Fibering of rubber. Time lag and its relation to 
structure, Ind. Eng. Chem. 26, 543-547 (1934). . 

?H. Feuchter, The rolume contraction with the formation of anisotropic rubber systems by stretching, Gum- 
mi-Ztg. 39, 1167-1168 (1925). 

3 BS Tech. News Bul. 201, p. 6 (Jan. 1934). 

4 Peter A. Thiessen and Werner Wittstadt. Crystals and fused substances in stretched rubber, Z. phys. 
Chem. 29B, 359-362 (1935). English translation, Rubber Chem. Tech. 9, 52-54 (1936). 2 

5 Wilfred E. Thibodeau and Archibald T. McPherson. Photoelastic properties of soft, vulcanized rubber, 
J. Research NBS 13, 887-896 (1934) RP751. 

6H. F. Schippel, Volume increase of compounded rubber under strain, J. Ind. Eng. Chem. 12, 33-37 (1920). 

7 W. W. Vogt and R. D. Evans, Poisson’s ratio and related properties for compounded rubber, Ind. Eng. 
Chem. 15, 1015-1018 (1923). 

6 A summary of the early work is given by Whitby in Plantation Rubber and the Testing of Rubber, p. 
486-501 (Longmans, Green and Co., London, 1920). 
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3 parts per 100 above the average elongation, which is the figure 
reported in the present work. 

The mold used for making the rings consisted of a heavy metal 
plate containing cylindrical cavities. In each cavity a removable 
disk, 1 mm smaller in radius than the cavity, was fitted in such a 
way as to leave an annular space in which the ring was molded. By 
taking out this central disk a sample which had been vulcanized in 
the cavity could be removed without damage. Details of the mold 
are shown in figure 1. 
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Figure 1.—Mold for rubber test rings. 


The rings, after vulcanization, were carefully trimmed and in- 
spected for flaws and inclusions before use. Those which were to 
be employed in the mercury-filled dilatometer were stored under 
mercury for some time to remove free sulphur and other constituents 
which might cause fouling. 

Most of the work reported in this paper was done with two “pure 
gum” compounds which were vulcanized with mercaptobenzothiazole 
and tetramethylthiuram disulphide, respectively, as accelerators. 
These are compounds J and JJ in table 1. Compound JJ is identical 
with compound B which was used in photoelastic studies on rubber.® 
A few experiments were conducted with compounds III and IV, 
which contain 10 percent, by volume of whiting and carbon black, 
respectively. 

* See footnote 5. 
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TABLE 1.—Composition of rubber compounds 





ns 


Compounds ¢ (parts by weight) 





Ingredients 





Smoked sheet rubber 
Pale crepe rubber 
Zine oxide (Kadox) 
Stearic acid 


Whiting 
Carbon black (Micronex) 

















yy, eames I, 111, and IV were vulcanized for 30 minutes at 141° C, and compound J], for 30 minutes 
at a 
+ 10% of the volume of the compound. 


III. METHODS OF MEASURING VOLUME CHANGE 


Some preliminary measurements of the change of volume of rubber 
on stretching were made by the method of hydrostatic weighings, 
Rubber rings of known volume were placed on a stainless steel frame 
and were weighed in water, first in the unstretched condition, and 
then at intervals after stretching. ‘The change of volume with time 
could be followed by observing the change of weight. This method, 
however, was not followed for the measurements here reported because 
it was not practical to make weighings within a tew seconds after 
stretching, as was desired; furthermore, at long time intervals the 
results were rendered uncertain by the absorption of water by the 
rubber.”® 
The measurements at short time intervals were made with a dilatom- 
eter in which water or a salt solution was used as the containing 
liquid, while measurements at long time intervals were made with a 
mecury-filled dilatometer. 


1. WATER-FILLED DILATOMETER FOR MEASUREMENTS AT THE 
SHORTER TIME INTERVALS 


The apparatus which was used in measuring the change of volume 
at intervals from a few seconds to 20 or 30 minutes after stretching is 
illustrated in figure 2. It consisted essentially of a brass tube about 
% inch in diameter and 20 inches in length, connected by a side arm to 
a calibrated glass capillary tube. The brass tube was provided with 
stuffing boxes at each end, through which a 1-mm brass wire could be 
drawn back and forth. A ring-shaped sample could be stretched 
within the tube by means of a fixed hook attached at one end of the 
tube and a movable hook fastened to the brass wire. 

In using the apparatus one or more rubber rings were mounted, 
unstretched, over the two hooks; the tube was then closed and filled 
with water or a salt solution to a convenient height on the glass 
capillary. The filling was facilitated by a second side tube which was 
provided with a stopcock. When the rubber rings were stretched by 
drawing the brass wire through the tube any change in the volume 

1 When water is taken up by unstretched rubber the swelled rubber occupies almost, if not precisely, the 
same volume as the rubber and the water taken separately, but in the case of stretched ee heen aries 


to be an appreciable net loss of volume on swelling. The authors do not wish to repor 
regarding this effect until further experiments have been conducted. 
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Ficure 2.—Water-filled dilatometer for measuring the change of volume of rubber on 
stretching. 
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of the rubber was indicated by a change in height of liquid in the 
capillary. Control experiments in which the brass wire was drawn 
through the tube without a sample attached showed no appreciable 
motion of the liquid in the capillary, thus indicating that the stuffing 
boxes were tight and that the brass wire was uniform. 

The dilatometer was, in most circumstances, very sensitive to 
temperature changes, so it was mounted in a well-insulated water 
bath which was provided with means for temperature control. Since 
however, some fluctuations in temperature were unavoidable, a second 
dilatometer like the first, except that the stretching mechanism wag 
absent, was mounted in the water bath and afforded a direct means 
of correcting the observations for slight changes in temperature. 

No account was taken of any increase in volume resulting from 
heat generated by the stressing of the rubber since it seemed probable, 
from the dimensions and shape of the instrument, that most of this 
heat would be dissipated to the water bath in a very few seconds, 
But even if the heat had been confined to the dilatometer the resulting 
increase in volume would, under most circumstances, have been 
considerably less than the decrease caused by fibering. During the 
stretching of a sample it was possible to observe, in some instances, 
a slight upturn of the volume just an instant before the fibering of 
the rubber caused a sharp decrease. This momentary upturn is 
indicated on the curves shown in figure 6, which relate to observa- 
tions at 25° C. Similar measurements at 0° C., however, showed no 
upturn, probably because the heat generated by stressing the sample 
was transferred almost instantaneously to the confining water which, 
at that temperature, had a coefficient of expansion practically equal 
to zero. 

The glass capillaries used in the earlier part of the investigation 
were made from selected capillary tubing, and were calibrated in 
the usual manner. Later it was found more convenient to use capil- 
lary pipettes of the Kahn type which were graduated to 0.001 ml 
over a range of 0.200 ml. 

In most of the work with the water-filled dilatometer the readings 
were made visually at intervals of 5 seconds or more, but in some 
experiments observations were recorded photographically on motion 
picture film at intervals of about 1 second. The apparatus was so 
arranged that the field of view included the capillary tubes, a stop- 
watch, and a tape graduated in percentage elongation and connected 
to the brass wire used for stretching the sample. 

When it was found from observations made by hydrostatic weigh- 
ings that the swelling of stretched rubber might be different from 
that of unstretched rubber, the water which had been used as a con- 
fining liquid was replaced by a saturated salt solution to minimize 
the amount of swelling. The results obtained with the salt solution 
were not significantly different from those previously obtained with 
water alone, for time intervals up to 20 minutes. The possibility 
that significant swelling might occur even with salt water, together 
with the possibility of slow leakage through the stuffing boxes, 
rendered it desirable to use a different type of apparatus for measure- 
ments over periods of days or weeks, and the mercury-filled dilatom- 
eter was developed for this purpose. 
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9, MERCURY-FILLED DILATOMETER FOR MEASUREMENTS AT 
THE LONGER TIME INTERVALS 


The dilatometer in which mercury was used as a confining liquid 
is shown in figure 3. It consisted essentially of a heavy steel tube, 
closed at the ends by means of lapped steel disks, and connected 
through a steel capillary tube to a glass capillary. When the steel 
disks were lubricated lightly with stopcock grease and held securely 
in place by screw caps no leakage was observed under either vacuum 
or pressure. The steel capillary tube was provided with fins, as 
indicated in the figure, so that when the dilatometer was used at an 
elevated temperature the cemented glass-to-metal joint did not become 
hot enough to soften. 
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Ficure 3.—Mercury-filled dilatometer for measuring the change of volume of 
stretched rubber over long periods of time. 


Two methods were used for stretching the rubber rings. When 
the temperature at which the experiment was to be conducted dif- 
fered appreciably from that of the room the rubber rings were slipped 
over hooks and placed, unstretched, in the steel tube. This was then 
brought to the desired temperature in an appropriate bath, after 
which it was removed quickly and wrapped in cloth to minimize 
temperature change. The rings were then stretched and the hooks 
fastened at the ends of the tube. When the temperature employed 
was that of the room the samples were stretched over a rod which was 
then slipped into the dilatometer tube. 

The dilatometer tube, with the sample in place, was closed by 
means of the lapped steel disks, and was placed in a constant- 
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temperature bath. The air was then evacuated through the capillary 
and the whole filled with mercury by means of a two-way stopcock 
to an appropriate height in the capillary. This operation, from the 
time the sample was stretched, required about 20 minutes, so the 
experiments with the mercury-filled dilatometer served to indicate 
only that part of the volume change which occurred after the 29 
minutes. In order to obtain the total volume change, the portion 
which occurred during the first 20 minutes was obtained by means 
of the water-filled dilatometer described in a preceding section. 
Tests were always made with duplicate mercury-filled dilatometers, 
one containing unstretched, and the other, stretched rubber. The 
rubber samples, which weighed about 1.2 g, were selected so as to 
have the same weight to within 1 mg, and the hooks or rods used for 
stretching or mounting the specimens were adjusted so that their 
weights were equal to within 1 mg." Small differences in the volumes 
of the dilatometers were adjusted by introducing the requisite amount 
of steel into the larger of the two. By using this technique the differ. 
ences in the readings of the dilatometers containing the stretched and 
the unstretched rubber, respectively, represented within a small 
experimental error the change of volume due to stretching, and the 
computation of the results was thereby greatly simplified. 


IV. FACTORS INFLUENCING CHANGE OF VOLUME 


The decrease in volume of rubber on stretching is influenced by the 
same considerations as the X-ray diffraction, since it is observed 
only above a certain critical elongation and is greater the higher the 
elongation, the lower the temperature, and the longer the time the 
sample is kept stretched. The volume of stretched rubber is also 
affected by the composition and is particularly sensitive to the 
presence of coarse fillers and other inhomogeneities which give rise 
to vacuoles on stretching. 

In the present investigation the influence of these different factors 
has been covered in an exploratory manner. The data which have 
been obtained are not sufficiently well-coordinated or complete to 
permit the construction of any comprehensive polydimensional chart 
giving the volume of stretched rubber under any specified set of 
conditions. 

Some consideration has been given to the probable effect of pressure 
on the volume of stretched rubber, but no data have been obtained. 


1. COMPOSITION 


As indicated previously, most of the work here described was done 
with two “pure-gum’’ compounds, but some measurements were made 
on compounds containing 10 percent, by volume, of whiting and of 
carbon black, respectively, which illustrate two contrasting types of 
behavior. When the samples containing whiting were stretched 
there was an increase in volume which was greater the higher the 
elongation. But when these samples were held in the stretched 
condition the volume decreased with time, indicating that two effects 
were operating in different directions. During the stretching the 


11 This precise duplication was not necessary in the case of the two water-filled dilatometers because, 
with them, a very nearly constant temperature was maintained for each test, whereas in the present case 
the temperature was sometimes changed over a wide range in the course of a test. 
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rubber phase evidently pulled away from the filler particles and formed 
yacuoles of such magnitude as to cause a distinct increase in the 
yolume of the sample as a whole, and to mask the decrease resulting 
from the fibering of the rubber phase. But when the sample was 
held in the stretched condition the fibering continued and caused a 
distinct decrease in the volume of the sample with time, as may be 
seen in figure 4. On releasing the sample the volume returned almost 
but not quite to the original volume, the slight increment, no doubt, 














3007 





Ri 




















——— §TRETCHED ———*;-—— NO ELONGATION ——— 





a 





400% 








= 
z 
ui 
v 
iia 
w 
a 
1 
ul 
3 
ea 
a 
re) 
> 
w 
e 
‘oot 
qf 
J 
Ww 
v4 





_ 
































0) \ 2 3 4 5 6 
TIME - MINUTES 


Ficurt 4.—Changes in volume of compound III (containing 10 percent, by volume, 
of whiting) when stretched and when released. 


resulting from the presence of small amounts of gas which prevented 
the complete collapse of the vacuoles. 

When the compound containing 10 percent of carbon black was 
stretched there was a decrease rather than an increase in volume, as 
isillustrated by the results shown in figure 5. This decrease became 
apparent at an elongation of 190 percent; this is somewhat lower than 
the elongation at which a decrease was observed with pure-gum rubber, 
‘circumstance which is readily explained by the fact that the rubber 
phase in a compound containing filler is under greater actual elonga- 
tion than that indicated by the stretch of the sample as a whole. 
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The fact that there was no increase in volume with the sample cop- 
taining carbon black is an indication that the carbon black was present 
in such a state that no vacuoles were formed on stretching. 

The relative behavior of the samples containing whiting and carbon 
black, respectively, suggests that the measurement of the change of 
volume on stretching may constitute a very simple and practical way 
of finding the nature and degree of dispersion of the filler in an 
unknown rubber compound. 
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Figure 5.—Changes in volume of compound IV (containing 10 percent, by volume, 
of carbon black) when stretched and when released. 


2. ELONGATION ® 


Two series of experiments were conducted with samples made 
from compound JJ to ascertain the effect of elongation on the change 
of volume during the first few minutes after stretching. In one series, 
the rubber was stretched to a given elongation and held at that 
elongation for 3 minutes, observations on the volume being made at 
frequent intervals. It was then released and observations again 
taken at intervals over a period of 3 minutes. The same procedure 
was repeated for successive different elongations. 

In a second series of experiments the samples were stretched first 
to a relatively low elongation, 200 percent, and were held at this 
elongation for 3 minutes while observations were being made. Then, 
without release, the sample was stretched to successive higher elonga- 


18 The term “elongation” is used throughout this paper to mean the amount of stretch. A sample 
stretched to twice its original length, for example, has an elongation of 100 percent. 
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tions, each for 3 minutes, until the maximum elongation had been 
reached. ‘The process was then reversed by the same stepwise pro- 
cedure. 

The results of the first series of experiments are shown graphically 
in figure 6. At an elongation of 450 percent the volume decreased 
by about 0.1 percent in 3 minutes. At higher elongations the decrease 
became progressively greater and amounted to nearly 2 percent at an 
elongation of 725 percent. After the observations had been made at 
elongations up to 600 percent a second set of readings was made on 
the same sample at elongations of 550 and 600 percent, respectively. 
The results, which are indicated by large circles on the graph, are in 
practical agreement with the first set of observations. This, and other 
experiments of a similar character, indicated that the change of vol- 
ume on stretching was not significantly affected by the previous stress 
history of the sample, provided that it had been allowed to retract 
completely from the previous stretching. This is in contrast to the 
stress-strain behavior which is markedly altered by the first few 
cycles of stressing.’ 

The results of the second series of experiments in which the samples 
were stretched by a stepwise procedure are shown in figure 7. The 
changes of volume at the different elongations were, in general, 
slightly greater than the changes which were observed when the 
samples were released between each two elongations. 

When the sample was released in a stepwise manner the volume 
showed a decided lag, and at any elongation except zero it was less 
than the volume attained on stretching to the same elongation. 
At zero elongation, however, the original volume was resumed. It 
might be thought that the volume attained at any given elongation 
in the release cycle would represent the equilibrium or final value 
which would be attained if rubber were stretched initially to that 
elongation and held for a very long time. Experiments reported in a 
subsequent part of this paper, however, indicate that when rubber is 
held for a long time in the stretched condition the volume may reach 
lower values than those shown in figure 7, and still give no indication 
of having become constant. 

After the sample which had been put through the stepwise cycle was 
released it was stretched directly to 600-percent elongation, at which 
it assumed a volume practically identical with that observed on step- 
wise stretching to the same elongation. 


3. TIME 


The change of volume of stretched rubber with time is of such 
basic significance that it has, of necessity, been considered simul- 
taneously with each of the other factors studied. Some observations, 
however, were made over relatively long periods in order to determine 
the nature of the relation between volume and time, and to ascertain 
whether a constant state would be reached. In these experiments 
mercury-filled dilatometers were employed in conjunction with dila- 
tometers filled with water, and the curves obtained with the two instru- 
ments were joined at a point 20 minutes after stretching, as was 
indicated in a previous section. The results of two experiments are 


“W.L. Holt, Behavior of rubber under repeated stresses, Ind. Eng. Chem. 23, 1471-1475 (1931). 
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FicurE 6.—Change in volume of rubber on stretching to different elongations at 25° C. 


All tests were made on the same specimen which was stretched to the elongation indicated and held for 
3 minutes, after which it was released and allowed to stand for 3 minutes before stretching to another 
elongation. The tests were made in the following order: —450-percent elongation, 500, 550, 600, 550 (second 
test), 600 (second test), 650, 700, and 725. The results of the second tests are indicated by the large circles. 
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shown by the curves in figure 8. One curve represents the change of 
volume of a sample held at 550 percent elongation for about 2 weeks 
at 0° C., and the other is for a similar sample held at 600-percent 
elongation for over 3 weeks at 25° C. 
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FiauRE 8.—Change in volume of stretched rubber over long periods of time. 
The change of volume from minute to minute, or from day to day, 


rapidly became less as time went on, but the volume did not become 
constant. When the volume was plotted against the logarithm of the 
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time the curves so obtained were approximately linear after the first 
few minutes, indicating that the change in the rubber was preceeding 
at a constant rate with respect to the logarithm of the time. ‘There 
was no indication that any limiting volume was being approached, 
It appears that observations over a considerably longer period cf 
time will be required to give any definite indication of the final or 
equilibrium volume of stretched rubber. The inflection of the loga- 
rithmic curve at one minute is, of course, a natural characteristic of 
the curve and does not indicate any discontinuity in the behavior of 
the rubber at that point. 


4. TEMPERATURE 


The effect of temperature on the change of volume was investigated 
at two intervals of time after stretching—one minute and several 
days. The former measurements were made by stretching samples 
of rubber in a water-filled dilatometer at different temperatures and 
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FiaurE 9.—Change in volume of rubber when stretched to 600-percent elongation and 
held for 3 minutes at different temperatures. 


The same sample of compound J was used in all tests. After stretching to 600 percent at 58° O it was 
released and stretched to 700 percent with the result indicated by point A. 


noting the volume change at the end of one minute. In the latter 
measurements a mercury-filled dilatometer containing a given sample 
was subjected to a series of temperatures, and the change of volume 
with temperature noted. 

_The results of the first series of experiments indicate that for a 
given elongation the change of volume becomes less the higher the 
temperature, a point ultimately being reached at which there is no 
change of volume on stretching. Typical results are shown in 
figure 9. At an elongation of 600 percent the change of volume 
ranges from 1.2 percent at 25° C to zero at 58° C. But when the 
same sample was stretched to 700 percent at 58° C there was a 
decrease in volume amounting to about 0.6 percent. The curve 
shown in figure 9 is simply a broken line connecting the observed 
points. The present data do not warrant any assumption as to the 
precise nature of the function. 
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In the second series of experiments a sample was stretched to 600. 
percent elongation at 25° C in a dilatometer with mercury as the 
confining liquid. A similar sample was mounted in another mercury. 
filled dilatometer of the same content as the first. After several 
days when the decrease in the volume of the stretched rubber from 
day to day had become very small the two dilatometers were carried 
through cycles of temperature between 25 and 0, —20, and 70° C 
respectively. Duplicate samples of rubber were then taken and 
further observations were made, this time at temperatures of 25, 0, 
100, and 25° C, respectively. The results. computed in terms of 
specific volume are summarized in table 2, and are shown graphically 
in figure 10. 

The specific volume of the stretched rubber was, at all tempera- 
tures, less than that of the unstretched rubber. It was anticipated 
that at 70° C the two samples would have the same specific volume, 
since the rubber underwent no change in volume when stretched to 
600-percent elongation at temperatures above about 58° C. How- 
ever, such was found not to be the case, and even at 100° C 
the stretched rubber had somewhat the lower specific volume. In 
order to show this aspect of the results more clearly, the specific 
volumes have been plotted against the temperature, as shown in 
figure 11. 


TABLE 2.—Effect of temperature cycles on the specific volumes of stretched and 
unstretched rubber 





Specific volume 





Time 
interval | stretched 


Un- 
stretched 
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Minutes 
Stretched at 25° C 20 
Held at 25° C___. 30, 000 
Transferred to 0° C_.. — ae 20 
Held at 0° C 2, 800 
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Held at 25° O 

Transferred to — 
Held at —20° C.. 
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The curves for the stretched and the unstretched rubber, respectively, 
constitute two straight lines of different slopes which approach each 
other but lack somewhat of meeting at 100° C. The points indicat- 
ing the specific volume of the stretched rubber at the different tem- 
peratures scatter somewhat because of changes with time and with 
the thermal history of the sample. The lower point at 25° C, for 
example, represents the volume after 30,000 minutes (about 3 weeks) 
at that temperature; the upper point represents the volume after & 
number of cycles, the last of which was from 70 to 25°C. The slopes 
of the curves indicate that the volume expansivity of the unstretched 
rubber is 0.00067, while that of the stretched rubber is approximately 
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Ficurr 10.—Specific volume-temperature-time relations for unstretched rubber and 
rubber stretched to 600-percent elongation. 
The two series of tests shown were conducted with two different samples of compound J. 
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0.00083. It should be emphasized that the latter figure pertains to 
pure-gum rubber stretched to an elongation of 600 percent for 2 to 4 
weeks, and is in no sense a constant for stretched rubber in general, 

When the sample which had been held at 25° C for 3 weeks wag 
cooled to 0 or to —20° C it decreased in volume quite perceptibly on 
being kept for a day or so at the lower temperature, but when it was 
brought back to 25° C the specific volume in each instance was the 
same as it had been before cooling. This indicates that at least under 
some circumstances no advantage can be taken of thermal cycles to 
hasten the attainment of the equilibrium volume of stretched vul- 
canized rubber. 

After the cycles between 25° C and lower temperatures the same 
sample was put through first one cycle, and then eight successive 
cycles between 25 and 70° C. The resultant effect was a small 
increase in the specific volume of the sample at 25° C. 
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FiaurE 11.—Specific volume-temperature relations for unstretched rubber and rubber 
stretched to 600-percent elongation. 


Based on data from figure 10, 
5. STATE OF VULCANIZATION 


In order to determine whether the change of volume on stretching 
was affected by the state of vulcanization, measurements were made 
on samples of compound J which had been vulcanized for different 
periods ranging from 15 to 60 minutes. At the shortest time the 
rubber was decidedly undercured, and at the longest it was overcured. 
The change of volume 1 minute after stretching was determined for 
each sample at a series of elongations, with results which are shown 
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in figure 12. For any given sample the volume, above a certain 
critical elongation, was found to decrease in an approximately linear 
manner with increasing elongation. The curves for the different 
samples lie rather close together, and are roughly parallel, except 
that the curve for the sample having the 15-minute cure crosses some 
of the others. In general an increase in the time of vulcanization 
results in a decrease in the volume change at a given elongation. 
Also an increase in the time of vulcanization results in an increase in 
the elongation at which the change of volume first becomes apparent. 
The relative effect of the degree of vulcanization is likely to be much 
greater at low elongations than at high. 


RELATIVE VOLUME - PERCENT 
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FigurE 12.—Effect of time of vulcanization on the change in volume of rubber when 
stretched to different elongations. 


Samples of compound J were vulcanized at 141° C for periods of from 15 to 60 minutes, as indicated on 
the curves. The change in volume was measured one minute after stretching. 


6. OTHER FACTORS 


The results which were obtained in the course of this work did not 
show as high an order of precision as the methods and apparatus were 
capable of giving. Variations were encountered between different 
lots of samples which were prepared at intervals over a period of 2 
years. For instance, when different samples of compound J were 
stretched to 600-percent elongation at 25° C the decreases in volume 
observed ranged from 1.1 to 1.5 percent, with most of the values in 
the neighborhood of 1.2 percent. This variation is probably due, 
in part at least, to bloom and inhomogeneities in the rubber which 
would tend to cause an increase in volume on stretching. Some ver 
erratic results which were obtained in the case of a compound vul- 
canized with 3 percent of tetramethylthiuram disulphide were traced 
by microscopic examination to particles of the accelerator which had 
crystallized out from the rubber. Inasmuch as the present investiga- 
tion was exploratory in character, no critical study was made of 

99074864 
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the variations between different samples or different lots of rubber 


compound. 
V. POISSON’S RATIO 


Poisson’s ratio for homogeneous rubber is precisely 0.5 at low 
elongations where there is no change of volume on stretching, and jg 
greater than 0.5 at high elongations where the volume decreases on 
stretching. Inasmuch as this change in volume is dependent on the 
composition, the elongation, the temperature, and the time the sample 
is kept stretched, all of these factors must be specified in order to give 
significance to any numerical value for the ratio. Most of the values 
for Poisson’s ratio which are given in the literature are less than 0,5 
since they refer to rubber-filler systems which increase in volume on 
stretching because of the formation of voids around the particles of 
filler. 

Poisson’s ratio has been defined for rubber by Vogt and Evans " 
as “the ratio of the percentage ot lateral shrinkage of a rod to the 
corresponding percentage longitudinal increase, when such increase 
is infinitesimally small.” 

This may be expressed as, 


dS/S 
oa (1) 


where S is the lateral dimension of the sample at any instant, L is the 
length at the same instant, and dS and dL are the corresponding 
infinitesimal changes in the two dimensions. 

This definition may be expressed on a volume basis as, 


P=1/2—1/2 vay (2) 


where the initial volume is taken as unity and V is the volume at any 
instant." 

For purposes of illustration, Poisson’s ratio has been computed 
from data shown in figure 6. The relative volumes 3 minutes after 
stretching have been taken from the different curves shown in this 
figure and have been plotted against the elongation to give the curve 
shown in figure 13. The slope of this curve is dV/dL. The numerical 
values of the slope have been found at several points, as indicated on 
the graph, and have been used for the computation of the values of 


« W. W. Vogt and R. D. Evans, Poisson’s ratio and related properties for compounded rubber, Ind. Eng. 


Chem. 15, 1015-1018 (1923). 
4% Equation 2 can be obtained from equation 1 as follows: 


V=KLS*, where K is a constant. (3) 


Differentiating, 
dV=2KLSdS+KS4UL. 


Dividing equation 4 by equation 3 
dV/V=2dS/S+dL/L 


Or dV/V_2dS/S 


@L/L ~ aziL ** 


Combining equations 6 and 1, 


P=1/2—1/2 (Fax) ‘ 
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Poisson’s ratio which are given in table 3. The slope is 0 up to 300- 

rcent elongation, making the ratio 0.500 for this range. Between 
400- and 500-percent elongation the slope increases rapidly and at 
the latter elongation the ratio reaches its maximum value of 0.527; 
at higher elongations it decreases somewhat and drops to 0.515 at 
700 percent. 
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Figure 13.—Elongation-volume relation for use in computing Poisson’s ratio 


The data refer to samples of compound JI stretched to the elongations indicated and held for 3 minutes 
at 25° C. 


TaBLE 3.—Poisson’s ratio for compound II stretched for 3 minutes at 25° C 





Elonga- | Length, | Volume, Poisson’s 
tion V aV/aL ratio 





. 995 
. 986 
. 9815 























VI. INTERPRETATION OF RESULTS 


Measurements of the volume changes associated with the stretching 
of rubber afford a simple, quantitative means of studying the fibering 
or crystallization which is the basis for the well-known contrast 

tween the properties of unstretched and stretched rubber. The 
present investigation has been conducted from the standpoint of 
developing simple facts and relations and exploring the field. No 
attempt has, as yet, been made to coordinate the results of the volume 
measurements with theories of the molecular structure and the mech- 
anism of stretching. One limitation of the present results from the 
standpoint of their utilization for purposes of basic theory is that none 
of the volume change measurements has been followed to any ultimate 
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or equilibrium state. The change with time on a logarithmic scale 
proceeds at a rate which shows no significant diminution for the 
longest periods covered by the present work. There can, of course, 
be no full understanding of the process of fibering until the end 
product has been prepared and its properties measured. 


VII. SUMMARY 


1. Two dilatometers have been described which are suitable for 
measuring the change of volume of rubber on stretching. 

2. The volume of pure gum rubber remains constant up to a critical 
elongation, above which it decreases. Coarse fillers and other inhomo- 
geneities tend to increase the volume because of the formation of 
vacuoles on stretching. Carbon-black compounds, however, decrease 
in volume above a critical elongation which 1s lower than for pure gum. 

3. The decrease in volume of rubber on stretching is greater the 
higher the elongation, the lower the temperature, or the longer the 
time the rubber is kept stretched. 

4. After the first few minutes the volume of stretched rubber 
decreases at an approximately uniform rate with the logarithm of the 
time. No final or equilibrium state was attained in periods up to 
3 or 4 weeks. 

5. Stretched rubber shows a greater coefficient of expansion than 
unstretched rubber. 

6. Poisson’s ratio for rubber in the absence of coarse fillers is 0.5 or 
greater, the numerical value being a function of the composition, the 
elongation, the temperature, and the time after stretching. 


WasHIncTON, August 26, 1936. 
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CHANGES IN COLOR TEMPERATURE OF TUNGSTEN- 
FILAMENT LAMPS AT CONSTANT VOLTAGE 


By Deane B. Judd 


ABSTRACT 


Seasoned lamps, operated at constant voltage, gradually decrease in color 
temperature because of evaporation of the filament. Since the current does not 
decrease enough to correspond to an appreciable change in filament temperature, 
this decrease in color temperature is ascribed in large part to the accumulation 
of the familiar brown film on the inside surface of the bulb. The size and shape 
of the bulb are, therefore, important; each type must be separately investigated. 
Results are given for five types. The effect of operating seasoned lamps is a 
gradual decrease in color temperature, linear with time, which, like the rate of 
evaporation of tungsten, was found for 400-watt projection lamps to be nearly 
proportional to the thirtieth power of the temperature. The effect of seasoning 
new lamps for one hour at about rated voltage was a rise in color temperature from 
3,050 to about 3,140° K, approximately half of which occurred in the first 3 
minutes. 
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I. INTRODUCTION 


_ When a seasoned incandescent lamp is burned at constant voltage, 
its chromaticity is not quite constant but changes slowly toward 
ew. This chromaticity is conveniently and customarily specified 
y color temperature, defined as the temperature which an inclosure 
would need have in order to yield the same chromaticity by thermal 
radiation. The light output of the lamp also gradually decrease: . 


679 
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The present investigation was begun in 1930 with the primary 
purpose of discovering which of a number of types of tungsten. 
filament incandescent lamps was best suited for standards of color 
temperature. It was also expected that the study would show how 
much a working standard could be used before a check against g 
primary standard was advisable. Furthermore, the suggestion wags 
made that measurements of luminous efficiency might serve ag 
check on the color-temperature constancy of lamps, and therefore 
an attempt has been made to correlate the decline in luminoys 
efficiency with the decline in color temperature. 

The types of lamp investigated are those which were thought of 
as possible best choices for color-temperature standards; table 1 gives 
a description of these types, the number tested, the type of current 
used, the initial color temperature, and the date and duration of the 
test. 

The general plan of the investigation has been to burn the lamps 
at constant voltage and to measure at intervals, (1) current, (2) light 
output, and (3) color temperature. 

It is the purpose of this paper to describe the apparatus and method 
and to give the essential results with some discussion of their sig. 
nificance. 


TaBLE 1.—Types of lamp investigated, their number, duration of test, and color 
temperature 





Initial 
color 
temper- 
ature 


Num-; Dura- 
Type of bulb Type of filament ber | tion of 
tested 





"= 

3, 100 
Tubular, gas-filled Monoplane = ” 
Pear-shaped, gas-filled_..| Crown (C7) 
Pear-shaped, gas-filled...| Circular-coil (C7A) - 
Pear-shaped, vacuum_...| Squirrel-cage 
Pear-shaped, vacuum....} Circular-coi] (C9)... 


ror Gr Cn Gn Or Gn Ot 


5/4/31. 
10/19/31, 


























II. THEORETICAL CONSIDERATIONS 


The change in color temperature of a tungsten-filament lamp at 
constant voltage is ascribable to evaporation of tungsten from the 
filament. Such evaporation may change the color temperature of 
the lamp in two ways. It may cause a change in the true temperature 
of the filament itself, and it may change the color temperature of the 
lamp by a deposit on the inside of the bulb acting as a selective filter. 

The properties of tungsten and tungsten filaments have been 
thoroughly investigated and summarized by Forsythe and Worthing’ 
and by Jones and Langmuir.? From these investigations the change 
in color temperature of the filament itself, from the loss of tungsten, 
may be closely estimated regardless of whether or not the diameter 
remains uniform. 

1 W. E. Forsythe and A. G. Worthing, The properties of tungsten and the characteristics of tungsten lampt, 
Astrophys. J. 61, 146 (1925). 


?H. A. Jones and Irving Langmuir, The characteristics of tungsten filaments as functions of temperature, 
Gen. Elec. Rev. 30, 310-319; 354-361; 408-412 (1927). 
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1. FILAMENTS OF UNIFORM DIAMETER 


Consider, as is usually done, an ideal straight tungsten filament of 
circular cross section having a smooth, polished surface. Let there 
be no cooling at the leads nor any cooling by conduction to gases in 
contact with the filament. For such a filament of constant length, Z, 
with a constant voltage, V, applied over this length, it has been 
shown by Jones and Langmuir that temperature of the filament, 7, 
apd current, J, in it are proportional to certain powers of the diameter, 


d, so that we may write: 

T|To= (d/d.)", (1) 
where n varies from 0.168 to 0.176 within the temperature range 2,300 
to 3,000 °K, and | 

I/Ip= (d/do)™, (2) 


where m varies from 1.80 to 1.79 within the same range. The sub- 
script, 0, denotes the values at the beginning of the burning test. 

The color temperature, 0, differs from the true temperature of the 
filament by only 50 to 100 degrees throughout this range of tempera- 
tures,> so without appreciable error for our purpose eq 1 may be 


written: 
6/@.= (d/dy)°*”. (3) 


Assume that the diameter of the filament is uniform and decreases 
uniformly because of evaporation from_the surface and linearly with 
time, t, in service, thus: 


d/ds=1—t/t’, (4) 


where ¢’ is the time required for the complete evaporation of the fila- 
ment. 

For a lamp whose change in color temperature is ascribable wholly 
to change in true temperature of a uniform filament it could be ex- 
pected from eq 3, 2, and 4 that the color temperature and current 
would vary with time as follows: 


6/4= (1—t/t’)°" (5) 
T/Ip=(1—t/t’)'*, (6) 


that is, the color temperature should decrease approximately as the 
sixth root of time and the current should decrease approximately as 
the square. 
Actual filaments, however, are not uniform to start with, and it 
aay be readily seen that a narrow, constricted region of the filament 
cause development of a “hot spot’’ which will be always at a 


higher temperature than other parts of the filament and which, 
barring other accidents, will ultimately cause its failure. Irregulari- 
lies in the filament?also appear because of formation of large crystals. 
The filaments of the lamps burned for 700 hours show considerable 
evidence of such crystallization. 


*See footnote 1. 


i‘. Becker, Lebensdauer wnd,Wolframverdampfung, Z. techn. Physik”6, 309 (1925). 
- R. Fonda, Burn-out of incandescent lamps, Gen. Elec. Rev. $2, 206 (1929). 
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2. FILAMENTS OF NONUNIFORM DIAMETER 


Consider changes in the original filament such that a certgip 
fraction, f, of the length is reduced in diameter to a certain fraction 
c, of the original diameter. To trace the effect of these changes jn 
dimensions requires three separate sets of symbols as follows: 

(1) Voltage, V, applied to the original filament, diameter, ¢, 
produces current, J), color temperature, 4, and resistivity, po. 

(2) Voltage, V, applied to the diminished filament produces in the 
unreduced part, diameter, d’=d), a lower current, J’, a lower color 
temperature, 6’, and a lower resistivity, p’. 

(3) And it produces in the reduced part, diameter d=cd), the same 
current, J’’=J’, and, as will appear presently, a higher color tem. 
perature, 6’’, and a higher resistivity, p’’. 

The resistance, R, of the partially reduced filament may be expressed 
in terms of the resistivities of the two component parts, thus: 


R=Fe'(1—A) +p" (fe). (7 


The current flowing through the partially reduced filament is: J’= 
I’=V/R; that flowing through the original filament is: [,= Vd,?/Lp,; 
and the ratio from eq 7 may be written 





” , Po 
I /Ih=I =Fa—f\ +07 ce (8) 


Assuming that no heat is transferred from the narrow part of the 
filament to the unreduced pert by conduction, we may write from the 
Jones and Langmuir table of relations between the variables of ideal 
tungsten filaments * for constant current, since J’’= I’: 


6” /6’ = (d,/d)*°=1/0* (9) 
p”/[p’=1/c'" (10) 


The effect of introducing a narrow place in the filament is, of course, 
to decrease the current, but as shown below, even with this decreased 
current (except for f nearly unity) there is a rise in the color tempera- 
ture of the narrow part of the filament. 

The color temperature of the filament as a whole is a mean of 
the color temperatures of the two component parts. Use has been 
made of the red-blue ratio,’ taking wave lengths 660 and 470 mg for 
estimating the mean. The total amount of radiant energy at 660 mp 
from both the narrow and unchanged parts of the filament was com- 
puted by Wien’s law from the respective color temperatures, a similar 
total at 470 my found, and the ratio computed. ‘The color temperi- 
ture of the filament as a whole was taken as the temperature of the 
Wien radiator having this same red-blue ratio. 

As an illustration of the dependence of color temperature on the 
degree of irregularity with which the filament decreases in diametet, 
there have been computed the color temperatures of five filaments 
each differing from the original filament by losing enough tungstet 


6 Gen. Elec. Rev. 30, 357-358 (1927). 
1W.E. Forsythe, Color match and spectral distribution, J. Opt. Soc. Am. & Rev. Sci. Instr. 7, 1115 (192). 


also: 
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to reduce the current with constant voltage, V, by 1 percent. The 
frst of these five filaments has its diameter reduced uniformly over 
the entire length (f=1), the second is unchanged over nine-tenths of its 
length, but has its diameter uniformly decreased over the remaining 
one-tenth (f=0.1), and so on for f=0.05, 0.02, and 0.01. The details 
of the computation and the results are shown in table 2. 

The reduction in diameter, c, required to reduce the current from 
], to 0.99 J, was found from eq 8 and 10: 


l= p’f 
po/0.99— p’ (1—f) 


The resistivities p’ and p, refer to filaments of the same diameter 
('=d,) but the filament of resistivity, p’, carries 1 percent less cur- 
rent. From relations given by Jones and Langmuir, the temper- 
atures, and hence the color temperatures, of the filaments, are closely 
proportional to the 0.6 power of the current for diameter constant: 


8 [A= (L’ /Io)? (12) 


TaBLE 2.—Change in color temperature according to distribution of tungsten removed 
from filament 


jul Color Temperature of Lamps 





(11) 


[These computations refer to a 1 percent decrease in current, I’/I,==0.99] 





Fraction of 
original 
length, L, 
reduced in 
diameter 


Fraction of 
original 
diameter 
required 
over frac- 

tional 

length, f, 

to produce 
a 1% de- 
crease in 


Fractional 

increase in 

color tem- 

perature at 
narrow 

part of fila- 
ment 

6” _0.994* 


60 0.8 


Color temperature of unchanged 
narrow part, 6’’, and of whole 
initial color temperatures, 6, in 


art of filament, 0’, of 
lament, @z/s, for two 


°K. 





For @)=2,400° K 


For 6=2,800° K 





Or/B 


ev 
Seenote** 


Or/B 


current 
(see eq 14) 


c 0’’ /@e 





0. 999 
1. 042 
1, 084 
1.191 
1, 330 





0. 995 
. 950 
. 9C9 
. 818 
. 724 


2, 398 
2, 4C3 
2, 407 
2, 422 
2, 460 



































* The factor, 0.994, is introduced because eq 3 requires 6’’/@ to equal 0.999 for c=0.995; this is a drop in color 
temperature with voltage and length constant due to decreased current; it does not follow from eq 9 which 
refers to constant current. 


** The length of filament, (1-f) L, unchanged in diameter has a color temperature lower than @ because of 
the | percent decrease in current, thus: from eq 12: 6’/@0= (J’/Io)°-60=0,990-60 = 0.994, 


and resistivity is closely proportional to the 1.2 power of the color 
temperature regardless of filament dimensions: 


p’ /po= (8’ /)* (13) 


These exponents vary slowly with color temperature much as those of 
eq 1 and 2; but, as before, values representative of 2,800° K are used 
for simplicity, the errors resulting from neglect of the more accurate 
relations being of no consequence for the present purpose. 

From eq 12 and 13 may be written: 


p’ lao= (I’/I,)°* 
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which for J’/I, equal to 0.99 is approximately 0.993. Substitution of 
this value in eq 11 gives the relation from which the values of ¢ in the 
second column of table 2 were found: 


c?!=0,983f/(0.017 +0.983f) (14) 


_It may be noted that the numerical results computed from eq 14 
differ only slightly from those obtained from the simpler relation: 


c?=f/(0.01+/) (14a) 


found from eq 8 by neglecting the differences between po, p’, and p”, 

The third column gives the ratio of color temperature of the “hot 
spot’’ to the original color temperature, 6’’/6°, according to a relation 
found from eq 3 and 9. There are also given for two initial color 
temperatures, 2,400 and 2,800° K, the color temperature of the “hot 
spot”’, f, the color temperature of the remainder, 1—/, of the filament, 
and the color temperature of the whole filament, 0@;/,, estimated by 
the red-blue-ratio method. 

It may be seen for f=1 that a reduction in diameter of the whole 
filament by 0.5 percent is required to produce a 1-percent reduction 
in current. This reduction may be expected to lower the color tem- 
perature by but 0.1 of 1 percent (2 or 3 degrees) ; this is in accord with 
eq 3. The remainder of the entries in the table show that the color 
temperature of the whole filament is relatively independent of how 
the reduction in diameter required to reduce the current by 1 per. 
cent is distributed, the effect of deviating from uniform reduction in 
diameter (f=1) being to raise the color temperature slightly. Only 
when the whole decrease is limited to one-twentieth or less of the 
filament length does the increase amount to more than 9° K. Such 
an irregularity produces a rather severe “hot spot’’, a locality in 
which the color temperature rises about 200° K above that of the 
remainder of the filament. The extreme restriction, f=0.01, was 
included as representative of a lamp burning out from development 
of a “hot spot.” 

These results apply to ideal straight filaments in a vacuum; most 
of the lamps actually tested had coiled filaments in gas-filled bulbs. 
It is believed, however, that the considerations apply essentially to 
such lamps also. We may expect therefore that the color tempera- 
ture of the filament will, in general, rise slowly with continued opera- 
tion, and even in the unlikely case of a very uniform filament the 
fractional decrease in color temperature is expected not to be any 
more rapid than the tenth root of the fractional decrease in current 
(see eq 5 and 6). This permits a considerably simplified discussion 
of the results which may conveniently be mentioned now. As 
appear later, decreases have been found in color temperature of as 
much as 35° K accompanied by decreases in current up to 1 percent. 
From table 2 it may be seen that the maximum decrease ascribable 
to change in color temperature of the filament is 3° at 2,800° K. It 
may be concluded, therefore, that by far the largest part of the 
decrease in color temperature is ascribable to the accumulation of the 
brown film on the inside of the bulb. No further attention will be 
paid to possible changes in color temperature of the filament because 
there is no evidence that such changes have significantly influen 
the experimental results. 
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This conclusion emphasizes, however, that size, shape, and gase- 
ous content of the bulb determine the permanence of the lamp as a 
color-temperature standard. A large bulb provides a larger glass 
surface on which the film may be deposited with a consequent reduc- 
tion in its thickness. By variation in shape of the bulb convection 
currents within may be controlled so that most of the film is deposited 
on parts of the bulb off the line of sight. Each type of lamp must 
therefore be separately investigated. 


III. APPARATUS 


The apparatus consisted of devices for operating lamps at constant 
voltage, and devices for measuring luminous flux and color tempera- 
ture at known voltages. 


1. DEVICES FOR OPERATING LAMPS AT CONSTANT VOLTAGE 


For most of the work the lamps were operated on alternating cur- 
rent at prescribed voltages in the equipment developed for life testing 
of incandescent lamps. Since lamps used for standards of color tem- 
perature are customarily operated by direct current, the early tests 
were made with direct current until a comparison of the two methods 
showed little significant difference. In each case the voltage was con- 
trolled to within 0.25 volt. 


2. MEASUREMENT OF LUMINOUS FLUX 


The light output of each lamp was measured either by means of 
an 88-inch photometric integrating sphere and visual photometric 
equipment used in routine tests at the Bureau for many years, or by 
a 60-inch sphere equipped with a cesium photoelectric cell in a Sharp 
and Smith circuit. It has been found possible, in routine measure- 
ments, to detect variations in luminous flux as small as 0.25 per- 
cent with the photoelectric photometer, which is a precision some- 
what higher than was obtained with the visual photometer. 


3. MEASUREMENT OF COLOR TEMPERATURE 


The color temperature of the lamps was measured by comparison 
with lamp standards on the Nela scale of color temperature ® accord- 
ing to the substitution method on the color comparator described in 
1930" either with the flat 16° circular photometric field divided ver- 
tically in the center and viewed binocularly, or with the Lummer- 
Brodhun contrast photometer head with the contrast strips removed 
giving a9 X 13° field with a complex double-trapezoid pattern viewed 
monocularly. The latter more complex field gave no higher precision, 
but was preferred because it largely eliminated errors due to changes 
in chromatic sensitivity of one-half of the observer’s retina relative to 
the other half over time intervals of the order of 10 minutes. 


By 4 " > and H. A. Smith, Further developments in photoelectric photometers, Trans. Dium. Eng. Soe. 
’ . 
' This work was done in 1930 to 1932 prior to the establishment of the present scale of color temperature 
8e@ BS J. Research 12, 527 (1934) RP677). The Nela scale differs so little from the present scale that no 
Useful purpose would be served in transferring these results. 
D. B. Judd, Precision of color temperature measurements under various observing conditions; A new color 
comparator for incandescent lamps, BS J. Research 5, 1161 (1936) RP252. 
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IV. METHOD 


The method for seasoned lamps was (1) to set them for the desired 
initial color temperature, 6) (see table 1), by adjustment to Voltage 
V; (2) to check for possible seasoning effects by measurement of cur. 
rent and color temperature at this voltage immediately after this 
period (about 3 minutes) of adjustment; (3) to operate them at this 
voltage for the following time intervals, in hours, 1, 2, 4, 8, 16, 32, 64 
50, 50, 50 . . . ., continuing until the durations given in table 1 had 
been reached ; and (4) after each such time interval to measure current 
luminous flux, and color temperature. 

The method for unseasoned lamps was the same, except that they 
were seasoned for 1 hour at 3,140° K and the check for seasoning 
effect was applied once during this hour after about 7 minutes, the 
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Figure 1.—Color temperature of unseasoned lamps as a function of time in service. 
The color temperature rises rapidly during seasoning, then declines slowly. 

initial adjustment requiring longer than 3 minutes because of the 

rapid rise in color temperature during initial stages of seasoning. 


For two lamps the seasoning effect was studied continuously for 10 
minutes by settings of color temperature every 30 seconds. 


V. REDUCTION AND SUMMARY OF DATA 


The 400-watt lamps were taken from stock; the 60-watt, squirrel- 
cage filament lamps were taken from lamp sockets after actual use of 
unknown amount; the remainder of the lamps (see table 1) were pul 
chased as photometric standards. As might be expected, only the 
Jamps taken from stock showed any evidence of a seasoning effect. 

Figure 1 shows typical variation of color temperature with time m 
service for unseasoned lamps. The seasoning effect found is a rapid 
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rise of 50 to 100° K in color temperature accompanied in every case, 
contrary to expectation, by a 1 percent decrease in current. The 
eolor-temperature rise is best shown on figure 1 by the plot with the 
enlarged time scale. The effect of burning seasoned lamps is a 
slow decline in color temperature with continued but slow decrease in 
current. The plot to the intermediate time scale shows that season- 
ing is completed sometime in the first hour of burning. This result 
justified the usual seasoning procedure which is to operate such lamps 
at about this color temperature (3,140° K) for an hour. The color 
temperature rises during the first minute of seasoning by an amount 
about equal to the decrease produced by 50 hours of burning after 
seasoning; hence color temperature during the initial stages of the 
seasoning process changes several thousand times as fast as it does 
during operation of a seasoned lamp. This rapid rise in color tem- 
perature is customarily ascribed to change in surface condition of the 
filament so as to increase within the visible spectrum the spectral 
emissivity of short-wave radiant energy relative to that for long 
wave. 

Lamps other than those taken from stock showed only the gradual 
decrease in color temperature characteristic of seasoned lamps. It is 
important to note that the color-temperature—time curve closely 
approximates a straight line. Analysis of the data shows that the 
actual deviations from a straight line are not significant. For the 
mean of these 10 lamps, the deviations from a straight line are in 
each case less than 3° ; they are ascribable to experimental error, 
apparently in large part, because of error in control by the lamp 
standard of color temperature. In addition to this, the individual 
lamps, whose mean is represented on figure 1, gave a spread of about 
20°, but this is due chiefly to uncertainty in the initial determination 
of voltage for 3,100° K because of the rapidity of the seasoning effect 
during the first 5 minutes. The curves for the individual lamps showed 
generally parallel courses; significant deviations could be traced to 
the fusing of two adjacent coils of the filament accompanied by an 
increase in current, to development of an unusually heavy region of 
brown deposit in the line of sight, or similar incidents. Significant 
erratic variations not accompanied by these incidents, such as reported 
by Howe" and Dziobek, were not found with these lamps. The 
previously noted erratic variations would seem from the present 
tests to be ascribable to undetected sources of error; but it is possible 
that the present results fail to be typical because of insufficient number 
of lamps tested. 

The other types of lamps and the same type at lower initial color 
temperatures likewise exhibited a decrease in color temperature not 
significantly nonlinear with time, though, of course, the rapidity of 
color-temperature change at the lower temperatures was notably 
less than at 3,140° K. itis concluded, therefore, that the permanence 
o1alamp for use as a standard of color temperature at a given voltage 
can be satisfactorily indicated by the average decline in color tem- 
perature per unit time. 


"H. E. Howe, The color temperature of the gas-filled tungsten lamp as a function of time in service, J. Opt. 
Soc. Am. & Rev. Sci. Instr. 13, 304 (1926). , , j 

"W. Dziobek, Uber die Verwendbarkeit der Wolfram-Vakuumlampe zu sensitomet' ischen Messungen, 
Z. wiss. Phot. 31, 96 (1932). 
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Luminous efficiency and current of the lamps studied were alg 
found to decrease with time in a nearly linear way; this agrees with 
results found for gas-filled lamps used as photometric standards." 

The method used in reducing the data was accordingly to compute 
the change per hour by reference to the average current, luminoys 
efficiency, and color temperature for the group of lamps, no further 
attention being paid to values for individual lamps. Ln the case of 
current the method was merely to divide the difference between the 
initial and final values by the number of hours the lamps had been 
burned; this gives a result of the right order of magnitude. But, with 
luminous efficiency and color temperature least-square solutions were 
found for the constants a and 6 in the expression, a+ bt; the values of } 
thus found expressed as the change per hour are given in table 3, 
together with uncertainties of these values. The uncertainties are 
taken as 4.9 times the probable error obtained in the customary way 
from the departures of the actual data from the linear relation found 
by least squares. On the assumption that the lamps studied are fair 
samples of all lamps of the same type, these uncertainties may be 
interpreted as limits which would be exceeded on the average only 
once in a thousand such tests as these. 


TABLE 3.—Current, luminous efficiency, and color temperature for the types of 
lamps studied, and their time rates of change when the lamps are operated a 
constant voltage, V 

[See table 1, for further description of lamps] 
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Table 3 is a summary of these results including the uncertainties 
in rates of change of luminous efficiency and color temperature with 
duration of the test. The data cannot be correctly interpreted with- 
out a consideration of these uncertainties which in some cases are 
undesirably large. Note, for example, that the projection lamps were 
found at 2,850° K to decline in color temperature at the rate of from 
0.05 to 0.07 degrees per hour, while the new standard type at about the 
same temperature yielded from 0.02 to 0.14 degrees. The conclusion 
is therefore that there is no significant difference in permanence be- 
tween these two types of lamps; this is borne out by a consideration 
of the corresponding decline in luminous efficiency. In another ex 
ample, however, the projection lamps at 2,360° K showed an — 
decline greater than 0.001 and less than 0.011 degree per hour, whule 
the standard-vacuum-type lamps yielded an average between 0.01 
and 0.09. The conclusicn is that the superior permanence of the 


18 R. P. Teele, Gas-filled lamps as photometric standards, Trans. Illum. Eng. Soc. 25, 78 (1930). 
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rojection lamps at 2,360° K to vacuum lamps at the same color 
temperature has been established to a high degree of probability; 
consideration of the corresponding results for luminous efficiency 
establishes this superiority beyond reasonable doubt because in this 
case there is no overlapping whatsoever. 

In general, the uncertainty in rate of decline is greater for color 
temperature than for luminous efficiency. This is ascribable partly 
to the relatively less dependence of total luminous flux on distribu- 
tion of the brown deposit on the bulb, but it is chiefly ascribable to 
the generally higher precision of the measurements of luminous flux. 
In the first part of the work, changes in the lamps could be detected 
much better (perhaps five times as well) by following the luminous 
flux than by following the color temperature. After two years of 
practice in technique of setting for color-temperature match and 
after several refinements in method and equipment, including instal- 
lation of the Lummer-Brodhun contrast photometer head, it was 
found possible to do about equally well with either method. At the 
end of the work measurements of luminous flux were again found 
somewhat superior for tracing small changes in the lamps, the in- 
creased precision being ascribable chiefly to the substitution of the 
photoelectric cell for the visual photometer. 


VI. DISCUSSION AND SUPPLEMENTARY RESULTS 


1, DEPENDENCE OF LAMP PERMANENCE ON FILAMENT 
TEMPERATURE 


It should first be pointed out that the rate of decline in both color 


temperature and luminous efficiency indicated in table 3 varies ap- 
proximately according to the thirtieth power of the temperature of 
the filament. The rate of vaporization of tungsten has a similar 
dependence. The results are therefore in approximate accord with 
the view that the decline of both color temperature and luminous 
efliciency of these lamps is ascribable to formation of a brown film 
of tungsten or some tungsten compound on the inside of the bulb. 
Table 4 shows a comparison of the observed values of these rates with 
powers of the true temperature of the filament; it indicates that with- 
in the uncertainty of the results color temperature of the lamp de- 
clines according to the twenty-third power of the temperature of the 
filament, and that luminous efficiency declines closely according to 
the thirty-first power of the temperature; but the agreement is not 
perfect. The indication is that even the small changes observed at 
color temperature 2,360° K are somewhat larger than would be ex- 
pected from the rate of vaporization of tungsten. It is evident that 
other factors not taken into account have a significant influence on 
the results. Evaporation of material from the leads and filament 
supports may produce this effect; also the higher pressure of the gas 
may interfere with evaporation of tungsten from the filament at the 
higher temperatures. 


"Gen. Elec. Rev. 30, 355 (1927). 
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TaBLeE 4.—Dependence on temperature of filament of rate of decline of luminous 
efficiency, «, and color temperature, 0, of the lamp 





























cart |teaeten-| ora | = = | =aume| a 
how wed her ae iow | dt 10” dt 
| | 
°K °K | lpw/br | °K/br 
3, 140 3,046 | —0,058 ;} —0.058 +.006 —0. 59 —0.6 +.1 
2, 850 2, 768 —. 0030 —. 0026 +. 0004 —. 065 —.06 +. 01 
2, 360 2, 310 | —,. 00003 —, 00015 +. 00011 —, 0010 —. 006. 005 





* Taken from data by Forsythe and Worthing (see Astrophys. J. 61, 146 (1925)) connecting true tempera- 
ture with color temperature on the Nela scale. 


The fact that the color-temperature change varies more slowly 
with temperature (twenty-third power) than rate of vaporization 
(thirtieth power and higher) suggests that at the high temperatures 
the convection currents of gas within the bulb are such as to favor, 
relative to low temperatures, the deposition of tungsten off the line 
of sight. This explanation does not apply to luminous efficiency 
because the light output refers to all directions from the filament 
rather than only one, nor is this explanation needed because luminous 
efficiency declines much more closely (thirty-first power) according 
to rate of vaporization of tungsten. 


2. TYPE OF LAMP FOR COLOR-TEMPERATURE STANDARDS 


From table 3 it may be noted that the gas-filled lamps specially 
constructed for photometric standards were not found to be any more 
permanent in color temperature near 2,850° K than the 400-watt 
projection lamps. Indeed, the projection lamps seem to be slightly 
more permanent although the difference is not certain. The reverse 
had been expected because the projection lamps had considerably 
smaller bulbs which should cause a thicker brown deposit in the line 
of sight if the distribution of deposit were uniform. The greater 
permanence of the projection lamps is now ascribed to the tubular 
shape of the bulbs which seems to cause a greater proportion of the 
deposit to occur out of the line of sight. 

It may also be noted from table 3 that, as is to be expected, the 
projection lamps are definitely more permanent at 2,360° K than the 
vacuum lamps tested at the same temperature. 

The projection-type of lamp was therefore chosen for new standards 
of color temperature over the whole scale.” Advantages gained by 
this choice apart from the gain in permanence just noted are: (1) a 
single lamp can be used over the whole scale; (2) the projection lamps 
are more convenient because they are smaller and burn base down; 
and (3) they are cheap because they are produced in large quantities 
for another purpose. 


3. ALTERNATING-CURRENT VERSUS DIRECT-CURRENT 
OPERATION 


Five of the ten lamps burned at about 3,100° K were operated on 
direct current, the other five on alternating current. When the re- 
sults on these two groups of lamps were plotted it appeared from 
visual inspection of the graphs that there was no significant difference 


18H. T. Wensel, D. B. Judd, and Wm. F. Roeser, Establishment of a scale of color temperature, BSJ. 
Research 12, 527 (1934) R P677. 
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between the two kinds of operation. Alternating current did not, it 
ig true, produce quite as much lowering of color temperature as direct 
current. For three reasons, however, this result at the time seemed 
incredible: (1) it had been suspected that a small effect in the reverse 
sense might show up because of possible fluctuations (60 per second) 
jn temperature from alternating-current operation, the vaporizing 
action of which might therefore exceed that of direct-current operation 
at the same color temperature; (2) no difference in the decline of lumi- 
nous efficiency was noted between the two groups; and (3) the differ- 
ence observed seemed ascribable to chance. Hence in subsequent 
burning the less convenient method using direct current was given up 
and alternating-current burning used. 

Later on, however, when the least-square analysis was applied to 
the data, it was found that the rather uncertain difference previously 
noted might be significant. Table 5 shows the result of the analysis 
carried out as previously described for the results presented in table 3. 
Note that the difference in decline of luminous efficiency is quite 
insignificant, but that apparently direct-current produces a signifi- 
cantly more rapid de_line in color temperature than alternating cur- 
rent. No satisfactory explanation of this result has been found. 
From the computed uncertainties it is to be expected to occur because 
of pure chance only about once in ten thousand such tests as were 
carried out. 


TaBLe 5.—Alternating-current operation compared to direct-current operation for 
400-watt projection lamps at rated voltages (110 v, 3,140° K) burned base down 
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4. CORRELATION BETWEEN LUMINOUS EFFICIENCY AND COLOR 
TEMPERATURE OF INDIVIDUAL LAMPS IN THE LIFE TEST 


It has been proposed that measurements of luminous efficiency 
might be made on lamp standards of color temperature as a check on 
their permanence. This proposal was based on two assumptions— 
first, that the precision with which luminous flux may be measured 
is considerably superior to that with which color temperature may 
be measured; and second, that there is a close correlation between 
the two quantities. The first assumption is not very well borne out 
by present practice because the superiority is slight. However, the 
second assumption has some justification, if referred to average 
values for groups of lamps as may be seen from table 3, though table 
5 illustrates a case of poor correlation. 

Accordingly, an attempt was made for a number of the individual 
lamps tested to correlate luminous efficiency with color temperature. 
The correlation found was poor, too poor to be of any use; there 
was little tendency for the lamps having rapidly decreasing luminous 
efficiency to have rapidly decreasing color temperature as well. This 
lack of correlation accords with the conclusion reached from theo- 
retical considerations (see section I[) that both luminous efficiency 

99074—36-—5 
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and color temperature decline chiefly because of the brown deposit 
on the inside of the bulb, and that the former decrease corresponds 
to the average deposit all over the bulb, the latter to the deposit 
which forms on that part of the bulb in the line of sight. This view 
suggests that an improved correlation might be obtained by measyr. 
ing apparent candle power in this one direction instead of mean 
spherical candle power, but the permanence of lamp standards of 
color temperature may now be so conveniently and reliably checked 
by color-temperature comparison with other similar standards get 
aside for that purpose that further work seems not to be justified. 


5. EFFECTS OF SEASONING THE LAMPS 


The changes which occur during seasoning are thought to be (1) 
expulsion of gases from the filament and a sintering of the filament 
accompanied by a decrease in resistance, and (2) a surface change of 
the filament causing a rise in color temperature. This surface change 
might be merely a decrease in area causing a rise in filament temper- 
ature, or it might be a change in surface character causing an increase 
of emissivity in the blue relative to that for red. The result with 
the projection lamps at 3,100° K was unexpected because the current 
fell sharply, indicating a sharp increase in filament resistance. The 
rise in color temperature was as expected. All lamps of the twenty 
seasoned at 3,100° K agreed in these respects. 

For the lamps constructed especially for photometric standards no 
rise in color temperature was found. he current, however, increased 
gradually throughout the 128-hour period of burning. This held 
true for each of the 10 lamps tested. This increase suggested that 


the lamps had not been thoroughly seasoned and that sintering of the 
filament was continuing throughout the entire period of burning 
at 2,850° K. Details of construction and seasoning which might 
account for this result are not known. 


6. SUPPLEMENTARY MEASUREMENTS OF THE BROWN DEPOSIT 


The results of the tests thus far discussed suggest that the color- 
temperature impermanence of seasoned incandescent lamps is to be 
ascribed to brown deposit on the inside of the bulb. The amount of 
deposit in the line of sight even for the lamps burned for 700 hours is 
too small to be certainly detected by direct visual inspection although 
a dark deposit usually appears near the top of the lamps even before 
any certain decline in color temperature is noted. The question arises, 
therefore, whether there is really enough brown deposit in the line of 
sight to account for the decline in color temperature. 

Accordingly, the bulb of a lamp which had declined in color tem- 
perature about 20° K from 64 hours burning near 3,140° K was re- 
moved and the spectral transmittance ® of the deposit determined 
on the Kénig-Martens spectrophotometer ” both for the part of 
the bulb in the line of sight during the color-temperature measure- 
ments and for a part of the bulb near the top which seemed to bear 
the heaviest deposit. The spectrophotometer provided for unidi- 
rectional illumination and viewing, the direction of both being norma 
to the surface of the specimen. 

16 For definition of this term, see J. Opt. Soc. Am. 10, 177 (1925). 


11H. J. MeNicholas, Equipment for routine spectral transmission and reflection measurements. BS J. 
Research 1, 793 (1928) RP30. 
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Although the lamp was chosen because of the relative uniformity 
of the brown deposit on its bulb, this deposit was found to be suffi- 
ciently nonuniform to cause considerable trouble in making photo- 


Taste 6.—Spectral transmittance of brown deposit on the bulb of a lamp whose 
color temperature had declined about 20° K during a 64-hour period of burning 
near 3,140 K 


{Illuminating beam and direction of view both nearly normal to surface of deposit] 
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metric settings. The results shown in table 6 are values adopted from 
a smooth curve drawn among the points representing the actual data. 
The last column in the table shows the seventh root of the trans- 
mittance of the heavy deposit. It is seen that these values agree 
very well with the transmittance of the deposit in the line of sight. 
This agreement indicates (1) that the nonuniformity of the deposit 
has not vitiated the results, (2) that the deposit at the top of the bulb 
is merely a thicker layer of the same material forming the deposit in 
the line of sight, and (3) that the deposit at the top of the bulb is 
seven times as thick as that on the bulb in the line of sight. 

By the red-blue-ratio method it is found that the deposit in the 
line of sight is sufficiently selective to reduce the color temperature 
of the lamp by 65° K near 3,140, and that the heavy deposit is 
enough for a reduction of nearly 400° K. Since the observed decline 
in color temperature is only 20° K, it may be concluded that the selec- 
tivity of the brown deposit is ample to account for observed changes 
in color temperature. 

In a sense, the measurements have proved too much; they indi- 
cate that three times the observed change ought to have been found. 
This might be caused by (1) a rise of 45° K in the color temperature 
of the filament from development of a severe “hot spot’’, or (2) to a 
possible division of the observed selectivity into about two-thirds 
from selective scattering and one-third from selective absorption. 
From table 2 it is judged that the lamp would burn out from a “hot 
spot” severe enough to cause a rise of even half of 45° K; further- 
more, no “hot spots” were observed in the burn-out of these lamps; 
they burned normally with an occasional fusing of adjacent coils of 
the filament and continued loss of filament strength due to crystalli- 
zation until an accidental jar broke the filament, which would then 
crumble into many pieces. This rules out the first possibility. 

Whether the deposit owes its measured selectivity to scattering or 
to absorption deserves further consideration. If the selectivity found 
by unidirectional illuminating and viewing normal to the surfaces of 
the deposit were entirely caused by selective scattering, such a deposit 
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would be expected to change the color temperature of the lamp not 
at all, since the short-wave light which is scattered by the fragment 
of bulb in the spectrophotometer and lost by not entering the viewing 
slit is saved in the measurements of color temperature because the 
test plate is illuminated not only by light penetrating the bulb nor. 
mally along the line of sight but also by light scattered from the 
deposit on other parts of the bulb. Accordingly, an attempt was 
made to determine what part of the selectivity observed was caused 
by selective scattering and what part by selective absorption. What 
is required for measurement of the selectivity from selective absorp. 
tion alone is spectral transmittance from unidirectional illumination 
counting in the measurement all light transmitted regardless of 
direction. The equivalent conditions, diffuse illumination and 
normal viewing, were tried by placing the sample over the sphere of 
the Priest-Lange reflectometer * and some evidence was obtained 
that a considerable part of the selectivity is ascribable to selective 
scattering, but the nonuniformity of the sample introduced too much 
uncertainty in the measurement to permit any quantitative conclusion, 


VII. CONCLUSIONS 


The results of these tests may be summarized as follows: 

1. Decrease of color temperature and luminous efficiency of 
seasoned incandescent lamps during burning at constant applied 
vomnes is caused by the brown deposit forming on the inside of the 

ulb. 

2. Color temperature of a lamp declines during such burning 
approximately in proportion to the twenty-third power of the 


filament temperature. 

3. Luminous efficiency declines approximately in proportion to the 
thirty-first power of the filament temperature. 

4. No good correlation between color temperature and luminous 
efficiency of individual lamps in the life test was found, nor is any 
to be expected since the two quantities depend differently on the 
distribution of the brown deposit over the inside surface of the bulb. 

5. The spectral transmittance of the brown deposit has been found 
for two thicknesses, one deposit occurring at the side of a tubular 
bulb, the other, apparently about seven times as thick, occurring at 
the top of the bulb. The spectral selectivity of this deposit is prob- 
ably to be ascribed partly to selective absorption and partly to 
selective scattering. 

6. Lamps with tubular bulbs seem to have a more constant color 
temperature than those with pear-shaped bulbs, probably because a 
greater proportion of the brown deposit on the tubular bulb occurs 
near the top out of the line of sight. 

7. These results suggest that the permanence of lamp standards 
of color temperature would be increased several fold by building into 
the lamps a device for brushing off the deposit, but 400-watt pro- 
jection lamps are already very permanent, decreasing in color tem- 
perature when burned at about 2,850° K by an average of less than 
one-tenth of a degree per hour. 


181. G. Priest. The Priest-Lange reflectometer applied to nearly white porcelain enamels, J Research NBS 
15, 529 (1935) R P847. 
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The operation of the lamps at constant voltage was carried out by 
R. S. Hunter, and the measurements of luminous flux were made by 
R. P. Teele and L. E. Barbrow. Dr. J. F. Meyer aided with his 
knowledge of incandescent lamps and his acquaintance with the 
extensive literature of the subject. 


WasHINGTON, August 15, 1936. 
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THERMAL EXPANSION OF LEAD-ANTIMONY ALLOYS 
By Peter Hidnert 


ABSTRACT 


This paper gives the results of an investigation of the linear thermal expansion 
of cast lead-antimony alloys containing from 2.9 to 98.0 percent of antimony. 
Observations were made at various temperatures between —12 and +200° C 
and are shown in figures 3 to 5, inclusive. 

A majority of the curves obtained on cooling lie below the expansion curves 
obtained on heating. The deviations between these curves are particularly 
noticeable for the alloys containing up to 15 percent of antimony which were 
east in a preheated steel mold and cooled slowly. The deviations are less notice- 
able for the alloys of higher antimony content which were cast either in a sand 
mold ora chill mold. It is probable that the deviations indicate a lack of equilib- 
rium in the samples on account of the effect of the casting conditions or of the 
chemical composition. 

Table 3 gives the coefficients of expansion, the change in length after heating 
and cooling, and the densities of the alloys. 

Equations 1 to 5 give linear relations between the coefficients of expansion and 
the atomic percentage of antimony of the lead-antimony alloys containing from 
4.8 to 97.0 atomic percent of antimony (2.9 to 95.0 percent, by weight), and show 
that the coefficients of expansion decrease linearly with increase in the atomic 
percentage of antimony. The densities of the lead-antimony alloys also decrease 
linearly with increase in the atomic percentage of antimony. These linear rela- 
tions are typical of relations for other properties of binary alloys having struc- 
tures composed of solid solution + eutectic. 

The coefficients of expansion of the lead-antimony alloys cover a wide range 
of values. It is possible to select lead-antimony alloys that have approximately 
the same coefficients of expansion as iron, nickel, gold, copper, silver, aluminum, 
magnesium, and many of their alloys. 


CONTENTS 


. Materials investigated 
. Apparatus 


I. INTRODUCTION 


In 1923 determinations were made by Hidnert and Sweeney [1]! 
of the linear thermal expansion of lead and lead-antimony alloys 
contaming from 0 to 15 percent of antimony. In 1930 and 1932 
Hidnert and Sweeney [2, 3] published data on the thermal expansion 


! The numbers in brackets here and elsewhere in the text refer to the references at the end of this paper, 
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of lead, and in 1935 Hidnert [4] published data on the thermal expan- 
sion of monocrystalline and polycrystalline antimony. 

The results reported in the present paper represent an extension 
of the work started in 1923, which indicated that the coefficient of 
expansion of lead-antimony alloys (0 to 15 percent of antimony) 
decreases with increase of antimony. The work was extended in 
order to find, if possible, a relation between thermal expansion and 
chemical composition for alloys containing from 0 to 100 percent of 
antimony. 

It has been pointed out by Goodrich [5] and others that the binary 
alloys of lead and antimony containing up to 25 percent of antimony 
are of considerable commercial importance. Goodrich [5] stated 
that alloys containing from 3 to 5 percent of antimony are used for 
rifle bullets and battery plates, alloys containing from 10 to 15 percent 
of antimony are used in much of the lead apparatus of chemical works, 
alloys containing from 12.5 to 20 percent of antimony are very useful 
as bearing metals for light loads, and that alloys containing from 10 
to 25 percent of antimony are used for type metals. 


II. PREVIOUS DETERMINATIONS 


Previous observers on the thermal expansion of lead-antimony 
alloys include Daniell [6], Calvert, Johnson and Lowe [7], Vicentini 
and Omodei [8], Wiist [9], Hidnert and Sweeney [1], and Broniewski 
and Sliwowski [10]. None of these investigations, except the last, 
covered the whole range of composition. The most extensive pre- 
vious report is that by Broniewski and Sliwowski [10], who not only 
covered the entire range in composition, but also covered a wider 
temperature range than was used by other observers. For these 
reasons the data by Broniewski and Sliwowski [10] are reproduced in 
table 1. It will be shown subsequently that Broniewski and Sli- 
wowski’s results are in good agreement with the results of the present 
investigation for the antimony-rich alloys, but their results are too 
high for pure lead and the lead-rich alloys. 


TABLE 1.—Coefficients of expansion of annealed lead-antimony alloys (Broniewski 
and Sliwowski [10]) 





Coefficients of linear 
Atomic percent- aginst meetin 
age of antimony 





2b 





Each value given for a represents a coefficient of expansion or 
rate of expansion at 0° C, and 26 represents the variation of the 
coefficient of expansion with temperature. The coefficient of 
regen at any temperature may be computed from the follows 


ing equation: 
a;=at+2 bt, 


where a is the coefficient of expansion at any temperature ¢ be 
tween —186 and +218° C. 
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III. MATERIALS INVESTIGATED 


Twenty-four samples of lead-antimony alloys containing from 2.9 
to 98.0 percent of antimony were cast at this Bureau from lead of 
high purity (99.99 percent) and antimony with a purity of 99.8 
percent or higher. Each sample was about 300 mm in length and 
about 10 by 10 mm in cross section. After the thermal-expansion 
determinations had been completed, cross sections cut from the ends 
and the center of each sample were polished and examined micro- 
scopically in order to determine which samples showed evidence of 
segregation. Throughout this paper the term segregation is used to 
refer to nonuniformity in structure. Density determinations and 
chemical analyses were made on other pieces of the samples. 

Table 2 gives the chemical compositions? and also indicates the 
samples which showed segregation. Samples 989 to 1000 were cast 
in a preheated steel mold and cooled slowly, samples 1062 to 1148 
were cast in a sand mold, and samples 1452 to 1453.A were cast in a 
steel chill mold. 


TABLE 2.—Cast lead-antimony alloys investigated 





Batch formula Chemical analysis 





Antimony Antimony 





Percent 


Lead 
Percent 
90. 
91. 
92. 
92. 
94. 
94. 
95. 
96. 
89. 
87. 


Cor Coo FOO 0 




















* Contained arsenic, less than 0.02 percent. 


The samples containing from 13 to 25 percent of antimony were 
found to be segregated. Figure 1 shows the differences in structure 
observed in two portions of sample 1452. The distribution of the 
antimony-rich solid solution (white particles) varies considerably in. 
different portions of this alloy. 

Figure 2 illustrates the nonuniformity of structure in sample 1062 
(25 percent of antimony). The background of this figure represents 


——— 
* Weight percentages are used in this paper, except where noted otherwise. 
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the eutectic composition, and the light areas are the antimony-rich 
solid solution present in excess of the eutectic composition. 

The segregation encountered in the cast lead-antimony alloys jg 
attributed to the following factors: 

(a) The large difference in the densities of lead (11.3) and 
antimony (6.7). 

(b) The rate of cooling. 

(c) The percentage of lead and antimony. 

(d) The viscosity of the liquid mixture. 

As antimony is lighter than lead, and as it solidifies first, antimony 
crystals tend to rise to the top of the liquid. 

Segregation may be avoided by increasing the rate of cooling, 
Samples 1062 and 1146 containing about 25 percent of antimony, cast 
in a preheated steel mold and a sand mold, respectively, were segre- 
gated, but samples 1453 and 1453A containing about the same per- 
centage of antimony, cast in a chill mold, showed no evidence of 
segregation. 

Segregation appears to be most common with lead-antimony alloys 
containing a little more than the eutectic proportion of antimony 
(12.5 percent). Casting sample 1/452, containing about 13 percent of 
antimony, in a chill mold, did not prevent segregation. 

Segregation is more noticeable the lower the viscosity of the liquid 
mixture. Pliiss [11] made viscosity measurements at 292° C on lead. 
antimony alloys containing from 7.6 to 17.0 percent of antimony. 
He found that the viscosity decreases from 7.6 percent of antimony 
to the eutectic at 13 percent of antimony and then increases rapidly 
above the latter percentage. 

Ewen and Turner [12] obtained marked segregation in two bars of 
lead-antimony alloys containing 14.6 and 23.2 percent of antimony, 
They stated, ‘It would appear that in casting alloys of this range of 
composition, which includes bearing metals and type metals, the 
casting temperature should be as low as possible if segregation is to 
be avoided. With higher percentages of antimony the dendritic 
structure effectually prevents segregation.’”’ In order to obviate the 
tendency of lead to collect at the bottom of the melts of lead-rich 
lead-antimony alloys, Goodrich [5] sealed the constituent metals in 
a bulb, melted them in vacuo in a tilting furnace, and agitated the 
melt until the first signs of solidification appeared. The alloy was 
then cooled slowly in the furnace, remelted and again agitated. 

The equilibrium diagram obtained from the results of a number of 
investigations [10, 13, 14, 15, 16, 17, 18] shows that lead-antimony 
alloys form a eutectiferous series with limited solid solubility of ant- 
mony in lead and of lead in antimony. The eutectic is at about 13 
percent of antimony and at 247° C. - The solid solubility of antimony 
in lead increases from about 0.2 percent of antimony at 25° C. to about 


2.5 percent of antimony at the eutectic temperature. There is ut- 

certainty in regard to the solid solubility of lead in antimony. Values 

ranging from less than 1 a poe to about 11 percent have been re- 
i 


ported [10, 13, 17] for the limiting solid solubility at the eutectic tem- 
perature. According to Endo [17], the solid solubility of lead in anti- 
mony increases from 1 percent of lead at 0° C to 5 percent of lead at 
the eutectic temperature, but the results of Broniewski and Sliwowski 
[10] indicate that the solid solubility is about 11 percent from about 
150° C to the eutectic temperature. 
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1452 





Figure 1.—Typical structure of different parts of cast lead-antimony alloy showing 
segregation. X 450. 


Made to contain lead 87 percent, antimony 13 percent. Etched with mixture composed of 75 parts of 
ome acetic acid and 25 parts of hydrogen peroxide. A, One end of sample 1452; B, other end of sample 
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I’ iGURE 2.— Micrograph showing the structure near the joining of the segregated and 
unsegregated areas of cast lead-antimony alloy. X 40. 


Made to contain lead 75 percent, antimony 25 percent. Not etched. 
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IV. APPARATUS 


Samples 989 to 1000 were investigated in the bath furnace described 
by Hidnert [19], and Souder and Hidnert [20]. Samples 1062 to 1148 
were investigated in the black furnace and samples 1452 to 1453A 
were investigated in the white furnace shown in figure 1 of the latter 
publication. 


V. RESULTS 


The observations obtained on heating and cooling at various tem- 
peratures between —12 and +200° C are shown in figures 3 to 5, in- 
clusive. Each expansion curve is plotted from a different origin in 
order to display the individual characteristics of each curve. A 
majority of the curves obtained on cooling lie below the expansion 
curves obtained on heating. The deviations between these curves are 
particularly noticeable for the alloys containing up to 15 percent of 
antimony which were cast in a preheated steel mold and cooled slowly. 
The deviations are less noticeable for the alloys of higher antimony 
content which were cast either in a sand mold or a chill mold. It is 
probable that the deviations indicate a lack of equilibrium in the 
samples on account of the effect of the casting conditions or of the 
chemical composition. 

Only one test was made on each sample except 1146 and 1066 (fig. 5) 
on which two tests were made. The results obtained on the first 
heating apply for cast alloys, but the data obtained on the second 
heating of samples 1146 and 1065 apply for alloys which had received 
the heat treatment incident to the first heating. As the observations 
on cooling nearly coincide with the expansion curves on heating in 
the second tests of samples 1146 and 1065, it may be assumed that 
other alloys would show similar results in a second test. 

Table 3 gives coefficients of linear expansion which were computed 
from the results indicated in figures 3 to 5, inclusive. The antimony 
contents are given in weight and atomic percentages. The table also 
shows the difference in length before and after each expansion test, 
and the densities of the samples after the expansion tests. 

From the coefficients of expansion obtained for the temperature 
range from 20 to 60° C on the lead-antimony alloys containing 4.8 
to 97.0 * atomic percent of antimony (2.9 to 95.0 percent, by weight), 
the following empirical equation was derived by the method of least 
squares: 

oodlgo= (29.09 —0.1789Sb) 10-*, (1) 


Where o> represents the average coefficient of linear expansion 
between 20 and 60° C, and Sb represents the atomic percentage of 
antimony (between 4.8 and 97.0 atomic percent). The probable 
error of a single computed value is +0.3X10-*. In deriving the 
equation, the coefficients of expansion of the segregated alloys and 
the coefficient of expansion obtained in the second test on sample 
1065, were ignored. Only alloys that were uniform and the composi- 
tions of which were known, were used in the derivation of the 
equation. 

* The alloy containing 98.8 atomic percent of antimony (98.0 percent, by weight) was excluded, for there 
is doubt whether or not this alloy lies outside of the region of the solid solution of lead in antimony. 
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Figure 3.—Linear thermal expansion of cast lead-antimony alloys containing 
from 2.9 to 9.8 percent of antimony. 


“The numbers adjoining the observations at the lower end of the expansion curves of samples 996 and 998 
indicate the sequence of the observations. The tagged symbol indicates more than one observation. 
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Ficure 4.—Linear thermal expansion of cast lead-antimony alloys containing 
from 10.7 to 25 percent of antimony. 


Samples 999, 1452, 1000, 1145, and 1062 are segregated. The numbers adjoining the observations at the lower 


end of the expansion curves of samples 1000 and 1453. indicate the sequence of the observations. A tagged 
Symbol indicates more than one observation. 
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Ficure 5.—Linear thermal expansion of cast lead-antimony alloys containing 
from 26 to 98.0 percent of antimony. 
Sample 1146 is segregated. 
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TABLE 3.—Average coefficients of linear expansion of cast lead-antimony alloys 
































: ¥ Average coeffi- 
aioe nem Average coefficients ¢ of cients *ofcon- | Change 
compor , * | expansion per degree centigrade | traction per degree in 
by weight con ; 
tent centigrade length | Den- 
in after | sity « 
Sample |——_— aibente heating} at 25° 
Anti- | Pet- | 29 to | 60 to | 100 to} 20 to | 20 to |200 to |100 to |200 to = Cc 
Lead mon cent- 60° C 100° | 200° | 100° | 200° | 100° | 20° 20° 3 > 
¥) age CIC ilCcIicouoicioco |= 
Per- X10-* | X10-4) X10-¢ | K 10-6) K 10-6; K 10-8] K 10-8} X10-6| Per- 
cent cent g/cm? 
996 ¢_. 2.9 4.8 28.2 | 28.2 | 28.3 | 28.2 | 28.3 | 30.7 | 29.0 | 30.0 |—0.031 | 10.979 
OO 4.0 6.6 27.8 | 27.4 | 27.7 | 27.6 .7 | 29.9 | 28.4 | 29.2 | —.029 | 10.975 
Binns 4.9 8.1 27.3 | 27.6 | 27.4 | 27.4 | 27.4 | 29.4 | 27.2 | 28.4] —.019 | 10.948 
eo 5.7 9.3 27.0 | 27.6 | 27.0 | 27.3 | 27.1 | 29.3 | 27.6 | 28.6 | —.027 | 10.880 
992 4 7.0 11.4 26.8 | 26.6 | 26.8 | 26.7 | 26.7 | 28.6] 27.1] 27.9 | —.023 | 10.798 
901... 7.1| 11.5] 26.8] 26.4 | 26.5| 26.6 | 26.5] 28.9 | 26.9] 283.0] —.021 | 10.766 
990... 8.8 14.1 26.6 | 27.0 | 26.2 | 26.8 | 26.5 | 28.4 | 26.8 | 27.7 | —.024 | 10.676 
989... 9.8 15.6 26.2 | 26.6 | 26.0 | 26.4 | 26.2 | 28.4 26.8 | 27.7 | —. 028 | 10. 598 
997... 10.7 16.9 26.1 | 26.6 | 26.3 | 26.3 | 26.3 | 27.9 | 26.4 | 27.3 | —.017 | 10,478 
11.9 18.7 25.7 | 26.2 | 25.7 | 25.9 | 25.8 | 28.1 | 26.1 | 27.2 | —.027 | 10.458 
Tae 13(?)| 20(2)| (25. 4) | (26. 0) | (25. 3) | (25. 7) | (25. 5) | (27. 3) | (26. 0) | (26. 7)| —. 022 | (10. 415) 
1452 ? 13(?)} 20(2)| (27. 6)| (28. 4) | (24. 8) | (28. 0) | (26. 2)| (25. 5) | (25. 9) | (25. 7)| +. 006 | (10. 381) 
1000¢......| 85(7 15(?)} 23(?)| (24. 8)| (25. 0) | (24. 7) | (24. 9) | (24. &) | (26. 8) | (25. 4) | (26. 1)} —. 025 | (10. 269) 
1145...----| 83(?)} 17(2)| 26(2)| (24. 4)| (24. 0) | (24. 0) | (24. 2) | (24. 1) | (24. 8) | (22. 8) | (23. 9)} +. 002 | (10. 138) 
1468A....-| 76.2 23.8 34.7 23.6 | 25.6 | 22.4 | 24.6 | 23.4 | 23.0 | 23.3 | 23.1 | +. 006 9. 626 
| 75. 2 24.8 36. 0 24.0 | 27.9 | 22.3 | 25.9 | 23.9 | 22.8 | 22.9 | 22.9] +.019 9. 676 
Picssu<s 75(?)} 25(?)| 36(?) J 2 = 2 4 3 3 — 3 (23. : ony 5) | (22. ; +. 003 | (9. 598) 
eau 5/9 9 2. 2. 1) | (22. 4) | (22. 2 2. (23. 4) | (23. 7)| (23. 5)} —. 021 > 
11464_.....| 75(?)} 25(2)} 36(?) (a2 8) | (23. 2)| (22. 9)| (23. 0)| (22. 9)| (23. 9)| (22. 9)| (23. 4)} —. 010 } (9. 683) 
5 66. 4 39. 6 §2.7 20.0 | 20.7 | 20.2 | 20.4 | 20.3 | 20.4 | 21.0 | 20.6 | —.007 8. 833 
1064...---- 45, 2 54.7 67.3 16.6 | 17.8 | 16.3 | 17.2 | 16.7 | 16.8 | 17.2 | 17.0 | —.005 8. 190 
9 15.2 | 15.0 | 14.5} 15.1 | 14.8 | 16.1] 15.3 | 15.7 | —.017 en 
1065 4......| 323) 67.6) 78.0 { 15.0 | 15.4 | 15.5 | 15.2} 15.4 | 16.0] 15.1 | 15.6 | —.002 } 7. 649 
1066... 17.4 82.5 88.9 13.2 | 13.1 | 13.1 | 13.1 | 13.1 | 13.6] 13.1 | 18.3 | —.004 7. 124 
| 5.0 95. 0 97.0 11.2} 11.6 | 11.5 | 11.4] 11.5] 11.7 | 11.1] 11.4] +.001 6. 702 
ae 2.0 98. 0 98.8 10.7 | 10.7 | 10.8 | 10.7 | 10.7 | 10.8 | 10.7 | 10.7 . 000 6. 682 












































* Values in parentheses represent coefficients of expansion and contraction, or densities obtained on 
segregated alloys. 

> The plus (+) sign indicates an increase in length and the minus (—) sign a decrease in length. 

¢ Coefficient of expansion between —12 and +20° C, 28.0X10-6. 

4 Coefficient of expansion between —12 and +20° C, 26.310-*. 

* Coefficient of expansion between —12 and +20° C, 24.5x10-%. 

! Coefficients given on the second line were obtained on the second heating and cooling. 


The followingYequations for the temperature ranges from 20 to 
100°, 20 to 200°, 100 to 20°, and from 200 to 20° C, were similarly 
derived by the method of least squares: 


20199 = (29.31 —0.1773Sb)10~° (2) 
20(la00= (29.08—0.1786Sb)10~* (3) 
1004a9 = (29.44 —0.1826Sb) 107° (4) 
2000 = (30.41 —0.1941Sb) 10-* (5) 


In these equations Sb represents the atomic percentage of antimony 
between the limits of 4.8 and 97.0 atomic percent. In equations 
2 and 3, 29199 ANA goAa99 represent the average coefficients of expansion 
between 20 and 100°, and between 20 and 200° C, respectively. In 
equations 4 and 5, jo0@29 ANA oo9@29 represent the average coefficients of 
contraction between 100 and 20°, and between 200 and 20° C, re- 
spectively. The probable errors of 294109, 204200) 100220, ANA g99%29 are 
+0.6X10-*, +0.310-*, +0.3X107-§ and +0.2X10-, respectively. 
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Figure 6 shows the relations between the coefficients of expansion 
and the antimony contents of cast lead-antimony alloys. Values 
for lead [3] and for monocrystalline and polycrystalline antimony 
[4] are included in the figure. Equations 1, 2, and 3 are represented 
in figure 6 by solid lines, and equations 4 and 5 by dashed or broken 
lines. Values obtained from previous investigators are included in 
this figure for comparison. Broniewski and Sliwowski’s [10] values 
for lead and the lead-rich lead-antimony alloys appear to be too high, 
Their coefficients of expansion for lead are appreciably higher than 
nearly all of the results reported by other investigators. 
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FicurE 7.—Relation between densities and antimony contents of 
lead-antimony alloys. 


Equations 1 to 5 and the straight lines in figure 6 show that the 
coefficients of expansion of the lead-antimony alloys decrease linearly 
with increase in the antimony content from about 5 to 97 atomic 
percent (3 to 95 percent, by weight). These alloys, which lie between 
the solid solutions at the lead end and the antimony end of the equ 
librium diagram, consist of an excess of one or the other solid solution. 
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Some deviations from these linear relations were anticipated at both 
ends of the equilibrium diagram. At the lead end the deviations are 
slight for the ranges from 20 to 60° C and from 20 to 100° C, but the 
deviation is 0.9 X10~° for the range from 20 to 200° C. The devia- 
tions are more evident near the antimony end of the diagram for the 
antimony-richest alloy and for pure antimony. 

The coefficients of expansion of the lead-antimony alloys cover a 
wide range of values. lt is possible to select lead-antimony alloys 
that have approximately the same coefficients of expansion as iron, 
nickel, gold, copper, silver, aluminum, magnesium, and many of their 
alloys, at temperatures below 200° C. 

Figure 7 shows the relation between the densities and the anti- 
mony contents of the lead-antimony alloys investigated. Values for 
lead [3] and for monocrystalline and polycrystalline antimony [4] are 
included in the figure. The straight line shows that the density also 
decreases linearly with increase in the antimony content (atomic 
percentage) of the lead-antimony alloys. 

The linear relations between the coefficients of expansion, or den- 
sity, and the chemical composition (atomic percentage) are typical 
of relations for other properties of binary alloys having structures 
composed of solid solution-+eutectic. 


VI. CONCLUSIONS 


1. A majority of the curves obtained on cooling lie below the expan- 
sion curves obtained on heating. The deviations between these curves 
are particularly noticeable for the lead-antimony alloys containing 
up to 15 percent of antimony which were cast in a preheated steel 
mold and cooled slowly. The deviations are less noticeable for the 
alloys of higher antimony content which were cast either in a sand 
mold ora chill mold. It is probable that the deviations indicate a lack 
of equilibrium in the samples on account of the effect of the casting 
conditions or of the chemical composition. 

2. The following equations give the relations between the coeffi- 
cients of expansion and the chemical composition of the lead-antimony 
alloys investigated. 


20lg9 = (29.09 —0.1789Sb) 10-° + 0.3 X 107 
2099= (29.31 —0.1773Sb) 10-5 +. 0.6 X 107° 
20299 = (29.08 —0.1786Sb) 10-* + 0.3 X 10° 
1009 = (29.44—0.1826Sb) 10-°+.0.3 X10-° 
n0llag = (30.41 —0.1941Sb)10-* +. 0.2 107 


In these equations Sb represents the atomic percentage of antir 
mony between 4.8 and 97.0 atomic percent (2.9 to 95.0 percent of 
antimony by weight). In equations 1, 2, and 3, 290, 20@100, ANA 294299 
represent the average coefficients of expansion between 20 and 60”, 
20 and 100°, and between 20 and 200° C, respectively. in equations 
4 and 5, sood29 aNd o99@29 represent the average coefficients of contrac- 
tion between 100 and 20°, and between 200 and 20° C, respectively. 
99074366 
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The last term in each equation indicates the probable error of the 
coefficient of expansion. These equations show that the coefficients 
of expansion decrease linearly with increase in the atomic percentage 
of antimony. 

3. The densities of the lead-antimony alloys also decrease linearly 
with increase in the atomic percentage of antimony. 

4. The linear relations between the coefficients of expansion, or 
density, and the chemical composition (atomic percentage) are typical 
of relations for other properties of binary alloys having structures 
composed of solid solution + eutectic. 

5. The coefficients of expansion of the lead-antimony alloys cover 
a wide range of values. It is possibie to select lead-antimony alloys 
that have approximately the same coefficients of expansion as iron 
— gold, copper, silver, aluminum, magnesium, and many of their 
alloys. 
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SOLUBILITY OF MERCUROUS SULPHATE IN SULPHURIC- 
ACID SOLUTIONS 


By D. Norman Craig, George W. Vinal, and Francis E. Vinal 


ABSTRACT 


Although mercurous sulphate has been the subject of many papers, particularly 
papers relating to its use in standard cells, the information available in the 
technical literature about its solubility in dilute solutions of sulphuric acid is 
somewhat conflicting and incomplete. New determinations have been made, 
therefore, of the solubility of the salt at 28° C and at 0° C. About half of the 
determinations at each temperature were made on solutions which were brought 
to saturation from an undersaturated state and the others from an initially super- 
saturated state. The mercury was determined electrolytically. Each solution 
was tested after electroylysis for residual mercury. Errors which might arise 
from the presence of mercuric mercury were shown to be within the limit of 
experimental error of the determinations. The acid concentration of the solu- 
tions ranged from 0.001 to 4 molar. ‘Tables are given for the solubility of the 
salt in these solutions. The trend of the curves is discussed and comparisons 
are made with data previously obtained by others. 
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I. INTRODUCTION 


Although mercurous sulphate has been the subject of many papers, 
particularly papers relating to its use in standard cells, further study 
of its properties was deemed to be desirable as part of a larger pro- 
gram of work on standard cell materials and construction. The 
solubility of mercurous sulphate in water and in dilute solutions of 
sulphuric acid has been measured by a considerable number of pre- 
vious experimenters. 
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Gouy [1]! studied the hydrolysis of mercurous sulphate and deter. 
mined its solubility in water. Cox [2], using Gouy’s data and some 
of his own, concluded that between mercurous sulphate, Hg,S0, 
and mercurous oxide, Hg,0, only one solid phase exists, namely 4 
basic sulphate. Hager and Hulett’s [3] results, as well as those ‘of 
Gouy, showed that the “equilibrium water” has an acidity equiy. 
alent to 0.001 molar sulphuric acid. This is in close agreement 
with the values obtained in the present work, 0.00108 molar at 28° ¢ 
and 0.00099 at 0° C. Hager and Hulett, however, argued that 4 
0.001 molar sulphuric acid solution is not as effective in preventing 
hydrolysis of the salt as the equilibrium water, which they found to 
be 0.002 molar in respect of HgHSQ,. 

The solubility of mercurous sulphate in water and in dilute soly. 
tions of sulphuric acid was measured by Hulett [4] with precision 
which merited more recognition than it has received. Results of 
the present work calculated to 25° C from 28° C are in close agreement 
with his, assuming that the change in solubility with temperature ig 
linear over this small temperature interval. 

Drucker’s [5] four determinations, which are the basis of values 
given in the International Critical Tables (see page 720), are not 
entirely consistent with Hulett’s results. Drucker’s data indicated a 
greater solubility of mercurous sulphate in acid solutions of 0,05 
molar than in other solutions immediately above and below this 
concentration. Hulett, on the other hand, found the solubility to 
be a minimum for acid solutions in this range. 

Some of the earlier determinations lack sufficient data on methods 
of arriving at saturation equilibrium and others, such as the com- 
prehensive determinations of Smith [7], lack information as to the 
temperature. There appear to be no systematic data on the effect 
of temperature on solubility of mercurous sulphate. These and other 
determinations are discussed in a later section of the paper. 

For the present work, an electrolytic method of determining the 
mercury in solutions which were brought to saturation after pro- 
longed mechanical stirring, was chosen. Each solution was tested 
after electrolysis for residual mercury. 

About half of the determinations were made on solutions which were 
brought to saturation equilibrium from an undersaturated state, and 
the others were from an initially supersaturated state. We have not 
been unmindful of the possibility that small amounts of mercuric 
mercury might be included in these determinations. However, the 
precautions which were taken to reduce the mercuric ion to its 
equilibrium value with the mercurous ion in the presence of free 
mercury the error produced by the -ic ion is shown by the results to 
be less than the estimated experimental error of the work. 

A series of measurements was made on solutions ranging in acidity 
from 0.001 to 4 molar at 28° C, which is the temperature at which the 
primary standard for the volt is maintained, and a similar series of 
measurements at 0° C. 


1 Numbers in brackets refer to references at end of the paper. 
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II. EXPERIMENTAL PROCEDURE 
1. MATERIALS 


The mercurous sulphate was part of a gray sample prepared for 
use in standard cells. It was made electrolytically from new mercury 
which had been distilled twice under reduced pressure by Hulett’s [8] 
method. The current during electrolysis was equivalent to 2 
amp/dm®. Other details of the process were essentially the same 
as those previously described by Wolff and Waters [9]. Since the 
time of its preparation in 1931 the mercurous sulphate was preserved 
in the dark under a portion of the acid electrolyte used in its prepara- 
tion. Although this sample of mercurous sulphate contained an 
appreciable amount of free mercury, all of the saturated solutions 
were prepared with the addition of more free mercury. 

The sulphuric acid conformed to the requirements recommended 
by a committee [10] of the American Chemical Society for reagent 
grade acid. 

2. SATURATION OF SOLUTIONS 


The saturation of the solutions was accomplished by agitating 
them mechanically with Pyrex-glass stirrers in 500-ml Pyrex flasks 
containing free mercury. At 28° C the temperature was controlled 
to + 0.02° C by a water thermostat. At 0° C the temperature was 
controlled by large dewar flasks containing a mixture of ice and water. 
The experimental results at both temperatures include values obtained 
by approaching the saturation equilibrium from a condition of incom- 
plete saturation and from supersaturation. 

After agitating the solutions for 72 hours, the stirrers were removed 
and the flasks were allowed to stand at their respective temperatures 
until the solutions were clear. This usually required 48 hours. The 
samples of the supernatant solutions were carefully removed by 
pressure, the lower end of the delivery tube in each case projecting 
into the liquid no farther than was required to deliver 100 to 150 ml 
samples. After each sample was removed it was carefully inspected, 
and if found to be entirely clear it was then weighed to 0.1 g. 


3. DETERMINATION OF MERCURY 


The mercury content was determined by electrolytic deposition on 
platinum-gauze electrodes 3.5 by 3.5 cm. Two pieces of platinum 
foil, one on either side of the gauze electrode, served as anodes. 
After electrolyzing the solutions for a period of 40 to 48 hours, the 
electrolysis was stopped by removing the cathodes, which were then 
washed promptly and suspended in a desiccator containing P.O; and 
free mercury. No difficulty was experienced with mercury dropping 
from the gauze. Repeated weighings indicated that the cathodes 
reached constant weight after hanging in the desiccator for 3 hours. 

The water used in rinsing the cover glasses and the cathodes was 
caught in the respective beakers containing the electrolyzed solutions. 
Each solution was then weighed and divided into two portions. One 
portion was used to test for mercury by H,S, and the other portion 
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was titrated to determine the sulphuric acid. It was found that the 
removal of the mercury was generally complete except in the mom 
concentrated sulphuric acid solutions. Small corrections were there. 
fore necessary in such cases. These corrections were determined with 
H.S turbidimetrically by comparison with solutions of the same acid 
concentration containing known amounts of mercury. 


4. DETERMINATION OF SULPHURIC ACID 


The sulphuric-acid content of each portion of solution titrated was 
multiplied by the proper factor to give the total sulphuric-acid cop. 
tent of the electrolyzed sample. The H,SO, equivalent of the mercury 
was then subtracted from the total sulphuric acid and the weight 
fraction of the free sulphuric acid in the original solution was cal. 
culated. The density of the original solution was then calculated, 
using the tables in the International Critical Tables. The volume 
of the original solution and sulphuric-acid molarity could then be 
calculated, as well as the weight of mercury per 100 ml. 

The method for determining sulphuric acid described above was 
applied to all the solutions. It is referred to in this paper as method 
A. A-second method, B, was applied to some of the solutions below 
0.01 molar acid. This method served as a valuable check on method 
A. 

Method B consisted in adding 2 ml of a 5-percent KCl solution to 
a weighed portion of the solution containing the dissolved Hg,SO,. 
After coagulation of the Hg,Cl,, the sulphuric-acid content of the 
solution was determined by titration. In the determinations by 
method B no correction was required as indicated for method A, in 
which allowance was made for the formation of sulphuric acid by the 
electrolytic deposition of the mercury. The agreement between the 
two methods, as shown in table 3, may be considered to indicate, 
within experimental error, that the mercury was in solution as mer- 
curous mercury. Additional titrations by both methods of other 
solutions below 0.01 molar acid led to the same conclusion. No con- 
parisons were made in solutions above 0.01 molar. Hulett [4] re 
ported the ratio of Hg(ous) Hg(ic) to be 200:1 in sulphuric-acid solu- 
tions saturated with Hg.SO,. The ratio indicates that 0.5 percent of 
the mercury is present as mercuric ion. Accordingly, it would be 
expected that the electrolytic deposition of the mercury would give 
values slightly greater than those obtained by precipitating the mer- 
cury as calomel. The difference, however, is probably smaller than 
our average experimental error. 


III. EXPERIMENTAL RESULTS 
1. ACID SOLUTIONS 


The weight of mercury in 100 ml of each solution at 28° C, deter- 
mined directly from the experimental data, is given in table 1 % 
observed values, together with the acid molarity of the respective 
solutions. Columns 3, 5, and 6 of this table need not be consid 
now. They relate to smoothed curves, shown in figure 1, which ate 
discussed on page 716. Corresponding data are given in table 2 for 
determinations made at 0° C. The direction from which the satun 
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tion equilibrium was approached is indicated in these tables by D 
(“down’’ points) if approached from a supersaturated condition and 
by U (“up” points) if approached from an unsaturated condition. 


TasLE 1.—Ezperimental data at 28° C and comparison with the smoothed curve, 
figure 1 





Weight of Hg per 100 ml 
Molarity H:S0, — Difference | Difference 
Observed |From curve 








Gram Gram 
0. 0507 0. 0504 
. 0501 . 0504 


. 0490 . 0493 
- 0495 . 0491 


. 0465 . 0464 
. 0461 . 0464 


- 0424 . 0423 
. 0420 . 0422 


- 0369 . 0371 
. 0371 . 0371 


. 0340 . 0336 
. 0337 . 0336 


. 0314 . 0313 
. 0312 . 0313 


. 0318 - 0321 
. 0325 - 0321 


- 0343 . 0346 
- 0343 . 0346 


. 0360 
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ne I a Ue cate. ek tu ad ob ctaneap apbebnawknoedti 
Average of ‘“‘aps”’ 
Average of all determinations 











2. ‘‘WATER”’ SOLUTIONS 


The observed weights of mercury per 100 ml of “water” solutions 
and the molarity of the sulphuric acid resulting from hydrolysis are 
given in tables 3 and 4 for solutions saturated at 28° C and at 0° C, 
tespectively. In the preparation of these solutions water only was 
added to the mercurous sulphate; they are therefore referred to as 
water” solutions. After removal ot the portions for the determina- 
tions marked 1D and 1U the remaining solutions were again agitated 
and allowed to clear. The portions removed at this time were desig- 
nated as 2D and 2U. Determinations indicated by primes were made 
after a second or third addition of water. 





714 Journal of Research of the National Bureau of Standards  ,va, 1, 


TaBLe 2.—Experimental data at “— and comparison with the smoothed curye 
gure 1 . 








Weight of Hg per 100 ml 
Diree- 


Molarity HsSO, tion Difference 
Observed |From curve 





Gram Gram 
0. 0350 0. 0352 
. 0354 . 0353 


. 0313 - 0311 
. 0309 . 0311 


. 0257 - 0256 
- 0255 - 0256 


- 0229 . 0223 
- 0215 - 0221 


- 0200 - 0197 
- 0195 - 0196 


. 0182 . 0183 
- 0182 - 0183 


- 0185 . 0180 
. 0176 - 0181 


. 0213 0211 
- 0214 - 0217 


. 0248 . 0245 
. 0242 . 0246 


. 0250 - 0249 
- 0247 . 0249 


. 0248 . 0243 
. 0233 . 0237 


-0179 - 0179 
- 0173 - 0173 


. 0068 . 0068 
. 0067 - 0067 
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RE co tiliaie been doninandgehiiniensane capmawaneianinniin 
Average of “ups’’ 
Average of all determinations 








The sulphuric-acid molarities given in tables 3 and 4 indicate that 
normal and basic mercurous sulphate may be present as solids at 28° 
C in equilibrium with sulphuric-acid solutions of 0.00108 molar and 
at 0° C in solutions of 0.00099 molar. These values indicate that the 
acid concentration in equilibrium with the normal and basic solid 
increases with temperature. Hulett [4] reported that a solution 
formed at 25° C by the addition of water to mercurous sulphate con- 

e 


tained 0.00235 mole of mercurous mercury and 0.00225 mole of SO, 
and that repeated additions of water gave the same result. These 
results indicate that his saturated solution at 25° C contained 
0.00107 mole of free sulphuric acid as compared with our value of 
0.00108 at 28° C. 

The formation of a greenish-yellow color by the addition of water 
to mercurous sulphate was observed in these experiments. This has 
been reported by many previous investigators. According to Gouy 
[1] the greenish-yellow color is due to the formation of basic mercurous 
sulphate and according to his analysis this has the composition 
Hg,OHg.SO,H,O. Hulett [4] reported that his analysis of the com- 
pletely hydrolyzed material confirmed the composition reported by 
Gouy, but that his product was grayish white rather than yellow. 
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TABLE 3.—Solubility, 28° C, of mercurous sulphate added to water 





Molarity of H:SO 
ac vetecume te ie 


Experiment of Hg per | Deviation 
Method A| Method B}| 100ml 








Gram 
0. 0503 
. 0509 
0512 
. 0506 
. 0507 
. 0492 
. 0500 


- 0495 
. 0501 





























s Molarity of acid after saturation with mercurous sulphate. 


TaBLE 4.—Solubility, 0° C, of mercurous sulphate added to water 





. Weight 
Experiment aoe 8: of Hg per Deviation 


100 ml 





Gram 
0. 0348 
. 0342 
. 0360 
. 0344 
. 0357 














Average of ‘‘ups”’ 





Average of all determinations 














! Molarity of acid after saturation with mercurous sulphate. 


Other experimenters have reported the hydrolyzed salt to be yellow or 
yellowish green. In our own experiments we have found that various 
samples of mercurous sulphates, including white and gray modifica- 
tions, all become greenish yellow when treated with successive por- 
tions of water. ‘The greenish yellow color appears to be character- 
istic of the hydrolyzed mercurous salt and distinguishes it from 
hydrolyzed mercuric sulphate, which is bright yellow. There is, 
however, some variation in color of partially hydrolyzed mercurous 
salt dependent on the source of the sample and the extent of the 
treatment. Our own observations are in accord with those of Gouy. 
After many washings the hydrolyzed salt becomes finer and the 
free mercury initially present in a very finely divided state in gray 
samples is released and coalesces into a relatively large single drop. 
he yellowish coloration of hydrolyzed mercurous sulphate cannot be 
tegarded as sufficient evidence of the presence of mercuric salt. 





716 Journal of Research of the National Bureau of Standards {vax 


When base was added to hydrolyzed mercury sulphates, further 
color changes were noted as a result of the formation of oxides, 
Hydrolyzed mercurous sulphate became a dirty brown or black, 
while mercuric sulphate became an orange color, due perhaps to a 
mixture of the red and yellow modifications of mercuric oxide. 


IV. SOLUBILITY OF MERCUROUS SULPHATE AT REGULAR 
INTERVALS OF SULPHURIC-ACID CONCENTRATION 


Since the experimental determinations reported in tables 1 and 2 
were made at acid concentrations which have no simple relation to 
each other, all of the data were plotted and the solubility read from 
the curves at regular intervals. To avoid errors which might result 
from drawing a single curve, three separate plots on large scales in 
several sections were made, using the molarity of the acid concen- 
tration, the square root of the molarity and the logarithm of the 
molarity as abscissas. The average solubility was then calculated 
from the readings made of these three plots. These are considered 
the best data and they are given in table 5. No value is given for 
0.001 molar solution at 28° C because of the formation of the basic 
salt at 0.00108 molar acid. 


TABLE 5.—Solubility of mercurous sulphate in solutions of sulphuric acid 





HSO | Weight of Hg per 100 ml Weight of Hg per 100 ml 
2 4 

Molarity 
ati? C 








t=28° C t=0° C t=28° C t=0° C 





Gram Gram Gram 
0. 0351 0. 0344 0. 0183 

. 0290 ‘ . 0379 . 0198 
. 0212 
. 0224 
. 0233 


. 0239 
. 0244 
. 0247 
. 0248 
. 0249 


. 0240 
- 0216 


2 P 
S35 





g E2588 88228 §8 


























The smoothed values were then plotted against the logarithms of 
the respective molarities to obtain the curves shown in figure 1. The 
individual points, which were plotted for the purpose of drawing 
these curves are not shown in the figure, but we have plotted the 
actual experimental determinations to show their deviations from the 
smoothed data. These deviations afford a means of estimating the 
accuracy of individual determinations. For each point the deviation 
in grams from the smoothed curve has been read and tabulated m 
tables 1 and 2. The average deviations are about 0.0002 g at 28° C 
and at 0° C. The percentage deviations, however, are larger at 0 C 
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because the total amount of mercury involved in each of these deter- 
minations is smaller than for corresponding determinations at 28°C. 


V. DISCUSSION OF RESULTS 


The data given in table 5 and in figure 1 show definite maxima and 
minima for the solubility. Each curve for a specified temperature 
shows that three different solutions with the same mercury content 
are possible. At 28° C the curve passes through a maximum at 1 








BM 


y | \ 








x 





c 





iS 
S 








8 





: 
x 
S 
. 
S 
4 
$ 220 
» 
S 
S 
g 
S 
g 
8 
S 
z 


S 
Ss 



































3.0 3.5 Zo Zs Zo ry) 
LOG OF MOLARITY OF SULPHUEIC ACID 
0.001 al 40 


0.01 
MOL ARITY OF SULPHURIC ACID 
Figure 1.—Solubility of mercurous sulphate in sulphuric acid solutions. 


i represent equilibrium approached from supersaturated solutions and crosses from undersaturated 
ions. 


molar acid and a minimum at 0.03 molar acid. The 0° C curve also 
a & maximum at 1 molar acid and a minimum at 0.04 molar 
acid, 

A noteworthy difference between the curves for 28° C and 0° C 
occurs in the region of the most dilute acid solutions. It is in this 
Tegion that the molarity of the mercurous sulphate is approximately 
equal to the molarity of the acid. Below 0.0015 molar acid (log 
3.176) a marked change in slope of the curve at 28° C occurs. The 
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solubility at 0.00108 molar acid (log 3.033) is much less than would 
be predicted by an extrapolation of other portions of the curve. At 
the acid molarity of 0.00108, the molarity of Hg,SQ, is 0.00125; that 
is, the molarity of the mercury salt exceeds that of the acid. It jg 


in this region that the maximum buffer action of any dissolved 


hydrolyzed mercurous salt would be expected. 

A different condition exists in the measurements at 0° C. There 
is no point on this curve where the molarity of the mercurous sulphate 
equals the molarity of the acid. The hydrolysis point has shifted 
toward the weaker acid concentrations and lies below 0.001 molar 
acid. At this point the molarity of the mercurous sulphate is 
0.00087. It is not surprising therefore that the curves differ in 
shape in this region. 

The maxima and minima of these curves are the points of greatest 
interest. In the region of 0.001 molar acid and above, the curves 
fall steeply as the acid strength is increased. This is to be expected 
because of the common ion effect. When the curves pass through 
their minima and rise to second maxima it is obviously true that 
some other ionic reaction has become the predominant factor. Until 
the activities of the effective ions have been determined no one can 
be certain of these reactions. 

For the following hypothesis we are indebted to Dr. D. A. Mac- 
Innes. The increasing amount of the bisulphate ion HSO, as the 
sulphuric acid becomes stronger may result in increased solubility 
of the mercury salt and an equilibrium condition such as 


(Hg*) (HSO,-) = K(HgHSO,) , 


in which K is a constant of unknown value. Increasing the concen- 
tration of the HSO,- ion would result in an increase in the solution 
of the un-ionized part of the HgHSO,. This condition does not 
continue indefinitely, however, since the solubility curves fall again 
after passing 1 molar acid. This may be the result of relative changes 
in the activities of the several ions which are present. 

If saturation of the solution occurred with respect to HgHSO, at 
molar acid we should expect to find it in the solid phase when the 
acid concentration exceeds molar strength. This does not appear 
to be the case as three electrolytic analyses of the solid phase in 
contact with 3.1 molar acid gave a ratio of mercury to the solid phase 
equal to 0.804 which is characteristic of Hg,SO,. The theoretical 
ratios for Hg,SO, and HgHSO, are 0.807 and 0.673, respectively. 
Hulett [4] reported the solid phase in contact with solutions of 1 molar 
acid and above to be normal mercurous sulphate. The controlling 
ion beyond molar acid may still be the sulphate,SO,-~. Hulett, 
however, considers the solid phase in contact with solutions below 1 
molar acid to be a mixture of the normal and basic salts. This is 
not in accord with our observations. Our electrolytic determinations 
of the ratio of mercury to sulphate in portions of the solid phase 
removed from contact with the dilute acid solutions, where the 
tendency to hydrolyze should be greater, gave the results reported in 
table 6. These results indicate that the solid phase is not a mixture of 
the two salts, but Hg,SO, alone. Equilibrium conditions would not 
preclude the possibility of hydrolyzed salt in solution when the acid 
concentration is above 0.001 molar, but our results indicate that the 
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hydrolyzed salt can not be present in sufficient amount to cause a 
change in the solid phase. 

Small portions of the solid phase were removed from typical solu- 
tions covering acidities from the lowest to the highest concentration. 
The crystal form of these samples was examined microscopically by 
Dr. C. P. Saylor, who reported all were of the same crystalline 
modification. 

TABLE 6 





Molarity of acid, H2S0O,4 Reto 
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Theoretical ratio for Hg2SO, 
Theoretical ratio for Hg2zOHg2- 


NO PP PP 
et fat et et ft 
OO bot 


Se 


Theoretical ratio for HgHSO,_--_- 














VI. COMPARISON WITH PREVIOUS DETERMINATIONS 


Hulett’s [4] determinations at 25° C. and the present results at 28° 
C differ so little as to temperature that we have reduced our solubilities 
by 3/28 of the respective differences between measurements at 28° C. 
andat 0° C. Such a procedure cannot be justified for large temper- 
ature differences. ‘Table 7 gives a comparison of Hulett’s results at 
25° C. with our results calculated to 25° C. One figure in Hulett’s 


original table, 0.0424, has been changed to 0.0434, as the former is 
apparently a numerical error. The latter figure, 0.0434, was cal- 
culated from his basic data given in column 2 of his table. Table 7 
shows agreement between his results and ours within 1 percent, 
although materials from different sources were used, different methods 
of determining mercury were employed, and errors of weighing and 
titrating are included as well as the uncertainty which may be caused 
by the mercuric ion. 


TABLE 7.—Comparison of results with those of Hulett 
[NBS results were calculated to 25° C from 28° C] 





Weight of Hg per 100 ml Titietenes 
Molarity H2S80, NBS— 
NBS, 25°C | Hulett,25°C|} Hulett 








Gram Gram 
0. 0378 0. 0376 
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Summers and Gardner [11] measured the solubility of mercurous 
sulphate at 100° C, and compared it with other measurements at 
25° C. There is an apparent error in the position of their decimal 
point, however, which makes the scale of ordinates of their figure } 
ten times too much for their 25° C curve. The scale evidently 
should be 1.0, 2.0,. . . . ete. To make a comparison of their meas. 
urements with ours it is necessary to convert the molalities given by 
them to molarities, which is the method we have used for expressing 
the concentration of acid. Because of the large temperature differ. 
ence between their work and ours, no simple assumption about the 
effect of temperature on solubility is warranted. It is evident that 
the effect of temperature on solubility of mercurous sulphate doeg 
not follow a linear relationship. 

Drucker’s [12] measurements are often quoted and are the basis 
of values reported in the International Critical Tables [6]. Here, 
again there is some uncertainty. Drucker reports his acid concen- 
trations as normalities, but the solubilities of Hg,SO, as molarities, 
Drucker’s figures are copied in the Critical Tables, but the concen- 
tration of the mercury salt is given in terms of normality instead of 
molarity, which makes the values reported there one-half as large 
as Drucker originally reported them. Drucker’s determinations of 
the solubility of mercurous sulphate in water and in 0.1 molar acid 
agree very closely with our results, but his two other determinations 
differ by several milligrams. 

No comparison with Smith’s [7] results can be made since the 
temperature of his determinations is not known. 

A few other determinations have appeared in the literature includ- 
ing those of Wright and Thompson [13], Traube [14], Gouy [I], 
Wilsmore [15], Cox [2], and Barre [16]. 

These determinations cover a very limited range. In some cases 
essential details, such as temperature or methods, are not adequatel 
described. We have not attempted to compare our results with 
theirs. Of the earlier determinations only Hulett’s measurements 
fulfill all the requirements which we believe are essential. 
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EBULLIOMETRIC AND TONOMETRIC STUDY OF NORMAL 
ALIPHATIC ALCOHOLS 


By Mieczystaw Wojciechowski ! 


ABSTRACT 


The following normal aliphatic alcohols: methanol, ethanol, n-propanol, 
n-butanol, and n-amyl alcohol, were prepared in a state of high purity. By the 
use of Swietoslawski’s ebulliometric technique, and the comparative method of 
measurements using water as a reference liquid, their normal boiling points and 


j : me : ea i dt , 
coefficients of increase of boiling point with increase of pressure, an’ expressed in 
degrees centigrade per millimeter of mercury, were determined. The following 


t 
numerical data were obtained: methanol—boiling point 64.509° C; $= 0.0831; 


ethanol—boiling point, 78.325° C; p= 0.0834; n-propanol—boiling point 97.209; 
70.0844; n-butanol—boiling point, 117.726; 4,7 0.0872; n-amyl alecoho!— 
boiling point, 138.06; = 0.0402. Beginning with n-propanol, the introduction 
of a CH, group into the chain of a normal aliphatic alcohol molecule has a specific 


A ; it 4 
effect, increasing 7, by a constant value of 0.0029—the same amount as in the 


ease of aliphatic hydrocarbons. 

The ebulliometric control of purity of the preparations, the use of substances 
of extreme purity, and the application of the method of comparative measure- 
ments ensure the accuraey of the results reported. 
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I, INTRODUCTION 


In a previous paper [1]?, it was shown that in the homologous series 
of normal saturated hydrocarbons from n-pentane to n-octane, 
inclusive, the coefficient of increase of boiling point with pressure, 


a 


he Worker, from the Polytechnic Institute, Warsaw, Poland. 
poner ¢ figures in brackets throughout this paper refer to the numbered references listed at the end of the 
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a, is a linear function of the molecular weight, and the introduction 


of a CH; group into the chain of the molecule has a specific effect, 
increasing this coefficient by 0.0029 degree centigrade per millimeter 
of mercury. In this paper a similar investigation of the relationshj 

between the molecular weights of normal aliphatic alcohols and their 


respective values of the coefficient ois described. In addition, there 


are reported the normal boiling points of the following alcohols: 
methanol, ethanol, n-propanol, n-butanol, and n-amyl] alcohol. 


II. METHOD OF MEASUREMENTS 


Swietostawski’s ebulliometric technic [2] and his comparatiye 
method of measurements [3] with water as a reference liquid, briefly 
described in the paper on hydrocarbons, were employed for the 


determination of boiling points and the coefficient = 


The sensitive ebulliometric test of purity [4] of substances and the 
use of preparations of high purity ensure the accuracy of the values 
reported. 

The boiling points were measured with a platinum-resistance 
thermometer having a coiled filament and potential terminals [5], 
kindly furnished by C. H. Meyers. 

The normal boiling points were calculated by the use of the for- 
mula [1]: 


L=t/ +" (100—t,’), 


where ¢, represents the normal boiling point of the substance under 
investigation; ¢,’ the boiling point actually measured; ¢,’ the boiling 
point of water actually measured under the same pressure as that of 


dt 


the substance; and a. the ratio of the coefficients a 


w 


III. PURIFICATION OF SUBSTANCES 
1. METHANOL 


Two liters of the best available commercial methanol of reagent 
grade was distilled in a 40-bulb Swietostawski improved distilli 
column [6], and three middle fractions of 200 ml each, which distill 
in the limits of 0.001° C, were used for the measurements. These 
preparations were found to have a difference of 0.001 and 0.002° C. 
between the boiling point and condensation temperature in the 
differential ebulliometer of standardized dimensions, and were ac- 
cordingly of the highest degree of purity on Swietostawski’s scale for 
characterizing the purity of liquid substances and of azeotropic 


mixtures. 
2. ETHANOL 


The best commercial absolute alcohol was dehydrated and purified 
by azeotropic distillation from an efficient column, using benzene a 
an azeotropic agent. Two fractions of the middle part of the dis- 











— — 
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tillate, which distilled at constant temperature, were used for the 
determination of boiling point and s ratio. Preparations thus ob- 


tained were of the fifth (highest) degree of purity on Swietostawski’s 
scale, having a At, difference between boiling point and condensation 
temperature, equal to 0.001° C. 


3. n-PROPANOL 


n-Propanol was purified by azeotropic distillation, using benzene 
as an azeotropic agent. The middle fraction was of the fourth degree 
of purity, having At=0.006° C. Another azeotropic distillation of a 
commercial preparation of n-propanol also resulted in a product of 
the fourth degree of purity, having At=0.014° C. 


4. n-BUTANOL 


By a simple distillation of a commercial preparation in the 40-bulb 
column, two preparations of the highest purity, having At=0.001 
and 0.003° C, were obtained. 


5. n-AMYL ALCOHOL 


Commercial n-amyl alcohol was distilled in the 40-bulb column. 
The samples thus obtained were of the fourth and third degree of 
purity, having At equal to 0.020 and 0.024° C. 


IV. EXPERIMENTAL RESULTS 


The data obtained in the present work for the boiling points of five 
normal aliphatic alcohols are given in table 1. 

To calculate the boiling points of the substances that were not of 
the fifth degree of purity on Swietostawski’s scale, a method of extra- 
polation [7] previously reported, was used. 

Table 2 contains a comparison of the author’s data for boiling point 


and the coefficient of the alcohols investigated, with those pre- 


dt 
3 dp’ 
viously reported. 


TaBLE 1.—Normal boiling point data for five normal aliphatic alcohols 























Normal 
Prepara Normal Ln 
Substance tion t a boiling oe oH 
number Pp y point capolated 
°C °C °C 
1 0. 002 Vv 64. 508 
Ea ce Oens sae Re 2 001 Vv 64. 509 64. 50 » 
3 . 001 Vv 64. 509 
Ethanol....._. 1 - 001 ¥ 78. 325 
Ontannennnnannnnnnawannnnnnensaanennsnnens { 2 ‘o01| OV 78. 325 } 78.32 
nPro Ee . 006 IV 97. 186 
PANO.....-.---.--------a-e-2----------00-- 1 { o4 | IV 97. 149 } 97.20 
®Butanol__..____ 1 . 001 y 117. 726 
weencenenene enn nenepneene ne { 2 008 | OV Hy 7i9 |y 17.726 
*-Amyl alcohol..___ 1 . 020 137. 953 
Mawnnaeennn-nnnnnenecennnnnennnnne { 2 "025 | OI 137. 924 } 138.06 





99074367 
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TaBLE 2.—Comparison of determinations obtained by various observers 





Substance Author Boiling point (%) me 





G. C. Schmidt [8] 

A. Doroszewski [41] 

A. Doroszewski and J. Poljanski [16] 

Methanol J. Timmermans and Hennaut-Roland [9] 

J. A. V. Butler, D. W. Thomson, and W. H. 
MacLenan [10]. 

M. Wojciechowski 


D. Mendelejew [11] 

W. Ramsay and S. Young [12] 

G. C. Schmidt [8] 

W. Ramsay and J. Shields [13] 

E. Beckmann and P. Fuchs [14] 

W. A. Noyes and R. R. Warfel [15]_.........--.- 

A. Doroszewski and J. Poljanski [16] 

Ethanol J. Wade and R. M. Merriman [17] 

T. W. Richards and L. B. Coombs [18] 

R. F. Brunel, J. L. Crenshaw, and E. Tobin [19]- 

w. Pratolongo [20] . 

W. Swietostawski, A. Zmaczynski, and J. Usa- | 78.318 to 78. 320 
kiewicz [21]. 

L. Harris [22 78. 37 

ojci 78. 325 


W. Briihl [23] 97.3 to 97.5 

W. H. Perkin [24] 98.0 

W. Ramsay and 8. Young [25] 

G. C. Schmidt [8] 

H. Landolt and H. Jahn [26] 

E. Beckmann and P. Fuchs [14] 

E. H. Loomis 4? iroxtiay (aa) 

i 8. Young and E. C. Fortley [28 

n-Propanol __... - J. Holmes and P. J. Lagemann [29] 

A. Doroszewski and T. Rozdestwienski [30] : 

R. F. Brunel, J. L. Crenshaw, and E. Tobin [19]-_- .19 

11V. C. G. Trew and G. M. C. Watkins [31] _ - 06. 6 (p=744) 

\|J. A. V. Butler, D. W. Thomson, and N. oH. 7. 19-0. 02 
MacLenan [10]. 

J. Timmermans and Y. Delcourt [32] 15 

M. Wojciechowski . 209 


G. W. A. Kahlbaum [33] .6 
A. Doroszewski and Z. Dworzanezyk [34] -- 7.1 
||R. F. Brunel, J. L. Crenshaw, and E. Tobin [19]- 5 
J. Timmermans and F. Martin [35] 0 
3 4 i and re Sa ek: fai} 7.2 to 117.4 

. C. G. Trew and G. >. Watkins [31 7. 25 
n-Butanol......(’ G. Ernst, E. E. Litkenhous, and J. W.| 117.69 

Spanger [37]. 
ijJ. A. V. Butler, D. W. Thomson, and W. H. 71 
1} MacLenan [10]. 

T. J. Webb and C. H. Lindsley [38]............-- .0 
M. Wojciechowski 117. 726 


G. Lievens [39] 137. 95 

T. Timmermans and Hennaut-Roland [40] 138. 25 

n-Amyl alcohol.|;J. A. V. Butler, D. W. Thomson, and W. H. | 137.60 to 177.70 
MacLenan [10]. 

M. Wojciechowski 138. 06 

















In table 3 are given the values of a for the alcohols investigated, 


dp 


and the ratios, a , of these coefficients to that of water. 
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TABLE 3.—Data for 5 for five normal aliphatic alcohols 





Difference 
Boiling at between 
Substance point of dp] p=760 | coefficients 

water dt 


dp 





n-Butanol 


n-Amy] alcohol 

















V. CONCLUSIONS 


The values of the coefficients Sot n-amyl alcohol and n-propanol 


are probably slightly affected by impurities in the preparations used 
in the measurements, but not enough to obscure the specific effect of 
each CH, group introduced into the chain of the alcohol molecule. 


From table 3 it is obvious that the increase of is not constant up 


to n-propanol. Beginning with n-propanol the introduction of each 
CH; group into the chain of the molecule of a normal aliphatic alcohol 


is accompanied by the same increment in i The average increment 


for the alcohols is 0.0029° C. per millimeter of mercury, exactly the 
same as in the case of the normal aliphatic hydrocarbons. The 
regularities observed in the case of alcohols up to n-propanol are 
probably caused by the high degree of association of the molecules 
of these compounds. 

The data previously reported on the normal aliphatic hydrocarbons, 
together with the data presented in this paper, suggest the following 
generalization: In any organic molecule containing a normal alkyl 
group of more than some small number n of carbon atoms, the addi- 
tion of a CH, group to the normal alkyl group to form the next higher 
normal alkyl group results in an increase of 0.0029° C. per millimeter 


of mercury in the coefficient = at the normal boiling point. The 
data reported in this paper indicate that for the normal aliphatic 


alcohols n=2, while the data reported in the paper [1] on the normal 
aliphatic hydrocarbons indicate that for these compounds n is not 


greater than 4. It is possible that S may be an additive property, 
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the value of which may be calculated by taking the sum of the values 
corresponding to all atoms in the molecule of a given compound, 
Further work is in progress to determine whether this generalization 
is applicable to other series of compounds. 


The author tenders his thanks to H. Matheson for his assistancg 
in purifying some of the substances. He also expresses his gratitude 
to Polish Fundusz Kultury Narodowej w Warszawie (Polish Fund of 
National Culture in Warsaw) for financial aid. 


VI. REFERENCES 


M. Wojciechowski, J. Research NBS 17, 453, —, — (1936) RP921. 

W. Swietostawski, Ebuljometrja, Warszawa (1935) Ebulliometry 1936, 
Kara im. Miauswskiego, Jagielloniau University Press, Krakow. 

= Swietostawski, J. chim. phys. 27, 496 (1930); Roczniki Chem. 9, 266 
1929). 

™ Swigtosiaweki, IX Congreso Int. Quim. Pura Aplicada, Madrid, 2, 13, 
1934). 

C. H. Meyers, BS, J. Research 9, 807 (1932) RP508. 

W. Swietostawski, J. chim. phys. 27, 329 (1930). Bul. Soc. Chim. France 4, 
49, 1563 (1931). 

M. Wojiechowski and E. R. Smith, Nature, 138, 30 (1936). 

G. C. Schmidt, Z. phys. Chem. 8, 628 (1891). 

J. Timmermans and Hennaut-Roland, J. Phys. Chem. 27, 401 (1930). 

J. aes Butler, D. W. Thomson, and W. H. MacLenan, J. Chem. Soc. 674 
1933). 

D. Mendelejew, Z. Chem. 257 (1865). 

W. Ramsay and S. Young, J. Chem. Soc. 47, 654 (1885). 

W. Ramsay and J. Shields, Z. phys. Chem. 12, 461 (1893). 

E. Beckmann and P. Fuchs, Z. phys. Chem. 18, 495 (1895). 

W. A. Noyes and R. R. Warfel, J. Am. Chem. Soc. 23, 465 (1901). 

A. Doroszewski and J. Poljanski, Z. phys. Chem. 73, 192 (1910). 

J. Wade and R. M. Merriman, J. Chem. Soc. 97, 1002 (1911). 

T. W. Richards, and L. B. Coombs, J. Am. Chem. Soc. 37, 1667.(1915) 

R. F. Brunel, J. L. Crenshaw and E. Tobin, J. Am. Chem. Soc. 43, 561 (1921) 

U. Pratolongo, Atti. Accad. Lincei 30, II, 419. 

W. Swietoslawski, A. Zmaczynski and J. Usakiewicz, Compt. rend. 194, 
357 (1932). 

L. Harris, J. Am. Chem. Soc. 55, 1942 (1933). 

W. Briihl, Liebigs Ann. Chem. 200, 173 (1879). 

W. H. Perkin, J. Chem. Soc. 45, 466 (1884). 

W. Ramsay and S. Young, Phil. Trans. 180, 140 (1889). 

H. Landolt and H. Jahn, Z. phys. Chem. 10, 288 (1892). 

E. H. Loomis, Z. phys. Chem. 32, 594 (1900). 

S. Young and E. C. Fortey, J. Chem. Soc. 81, 725 (1902). 

T. Holmes and P. J. Lagemann, J. Chem. Soc. 95, 1936 (1909). 

Z. Doroszewski and J. Rozdestwienski, J. Russ. Phys. Chem. Soc. 40, 1428. 

V. C. G. Trew and G. M. C. Watkins, Trans. Faraday Soc. 29, 1310 (1933). 

J. Timmermans and Y. Delcourt, J. chim. phys. 31, 85 (1934). 

G. W. A. Kahlbaum. Z. phys. Chem. 26, 577 (1898). 

A. Doroszewski and Z. Dworzanezyk, J. Russ. Phys. Chem. Soc. 40, 887. 

35] J. Timmermans and F. Martin, J. chim. phys. 25, 411 (1928). 

36] C. P. Smyth and W. 8S. Walls, J. Am. Chem. Soc. 53, 2117 (1931). 

37] R. co apaet, E. E. Litkenhous and J. W. Spanger, J. phys. Chem. 36, 842 

(1932). 

[38] T. J. Webb and C. H. Lindsley, J. Am. Chem. Soc. 56, 874 (1934). 

39] G. Lievens, Bul. Soc. chim. Belg. 33, 122 (1924). 

40] J. Timmermans and Hennaut-Roland, J. chim. phys. 29, 529 (1932). 

41] A. Doroszewski, J. Russ. phys. chem. Soc. 41, 962. 














WasuHincotTon, August 24, 1936. 








U.S. DEPARTMENT OF COMMERCE NATIONAL BurgeAu OF STANDARDS 
RESEARCH PAPER RP941 


Part of Journal of Research of the National Bureau of Standards, Volume 17, 
November 1936 





—_—_———— 


THE SYSTEM LIME—BORIC OXIDE—SILICA 
By E. P. Flint* and Lansing S. Wells 


ABSTRACT 


The equilibrium diagram for the system CaO-B,0;-SiO,, constructed from data 
on 200 ternary compositions, is presented. The portion of the diagram imme- 
diately adjacent to the binary system B,O;-SiO, is incomplete. A unique fea- 
ture of the svstem is the appearance of an area of liquid immiscibility extending 
across the diagram from the lime-silica side to the lime-boric oxide side and 
crossing the fields of silica, monocalcium borate, and calcium diborate. A newl 
established ternary compound, 5Ca0O.B,0;.Si0., melts congruently at 1,419° C. 
Tricalcium silicate does not appear at the liquidus in the ternary system. Di- 
calcium silicate forms partial solid solutions with calcium borates whereby the 
a-8 inversion temperature is lowered by a maximum of 190° C. 
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. Introduction 
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2. Apparatus and methods 
. The stability fields 
. CaO. iO, 


DONS Sm oN 


10. SiO, 
. The two-liquid area 
. Characteristics of the fusion surfaces 
. Crystallization curves intersecting the two-liquid area 
. Applications 
Summary 
. References 


I. INTRODUCTION 


The existence of liquid immiscibility in binary systems of boric 
oxide with oxides of certain of the alkaline earths and other divalent 
elements was early established in phase equilibrium investigations 
[1]! It was not recognized until much later that liquid immiscibility 


————— 
* A part of this paper was presented by E. P. Flint to the Graduate School of the University of Mary- 


land, represented by Dr. M. M. Haring, in partial fulfillment of the requirements ofthe degree of Doctor 
of Philosophy, June 1938. 


' Figures in brackets here and elsewhere throughout the text refer to references at the end of this paper. 
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of a similar type occurs in the corresponding binary systems of silicg 
[2]. The system CaO-B,O;-SiO, is the first ternary system invest. 
gated to include both B,O,; and SiO, as components, and also furnishes 
the first example of a type of liquid immiscibility in ternary oxide 
systems wherein the immiscibility region crosses more than one field 
of primary crystallization. 

The system CaQ-B,0,-SiO, is a fundamental one in ceramics, for 
the high silica—boric oxide portion may serve as a starting point for 
investigations of borosilicate glasses, enamels, and ceramic glazes, 
The initial motive for the present study was furnished by observations 
of the effect of small quantities of boric oxide on calcium silicates 
occurring in portland cement, which apparently indicated the possi. 
bility of producing a ‘“‘well-burned” clinker at a relatively low tem- 





L <0 Ca0, es72t10 


£20 
7 


Va 2Ca0-SiOgLiquid 
\- 





Liquid B 

; Liquids AB 1710 

\ + 3Ca0-2Si0,+ Liquid L 16965 ” 
# aCa0-Si0,+Liquid 


\ 184022 


. 
‘ 





3 
8 
pee 


Cristobalite+ Liquid B 7 


> 1470t10 BS 
RS: EN BARA. «5 RR aoa 
Tridymite+Liquid B " 
Tridymite +aCa0-Sid, 4 


121025 


Tridymite+ BCa0-Si0, 
os | ~ l i L 1 l = l l i as 
<Ca0 2Ca0-Si0, Weight per cent Si0, Sid, 
3C00:Si0, 3Ca02Si0, 


Figure 1.—The binary system CaO-SiO. 
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(Reproduced from that given by F. P. Hall and H. Insley, J. Am. Ceram. Soc. 16 p. 492, fig. 37 (1933)) 


perature. This paper represents the completion of a program first 
outlined in 1930 and reported on at intervals subsequently [3]. 
Previous investigations have supplied most of the necessary data 
on the components and the three binary systems which they form. 
The melting point of lime was determined by Kanolt [4] as 
2,572° C and by Schumacher [5] as 2,576° C. Taylor and Cole [6] 
in 1934 reported having prepared crystalline boric oxide and gave its 
melting point as 294° C. Silica, as cristobalite, melts at 1,713° C [2]. 
The binary system lime-silica (fig. 1) has been investigated by 
Day, Shepherd, and Wright [7]; Rankin and Wright [8]; Ferguson 
and Merwin [9]; and Greig [2]. 
Phase equilibria in the system lime-boric oxide (fig. 2) were 
established by Carlson [10]. 
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Only limited information on the system B,O,-SiO, is available and 
the course of the liquidus is unknown. Greig [2], and Cousen and 
Turner [11] have demonstrated the probability that the liquids 
formed by these oxides are miscible in all proportions. The latter 
authors found that the thermal expansion and density-composition 
curves of boric oxide—silica glasses gave no indication of the forma- 
tion of compounds and concluded that the oxides form only simple 
solutions. 

Morey, and Morey and Ingerson [12] have reported briefly on the 
melting of danburite, CaO.B,0;.2Si0O., the only known naturally 
occurring calcium borosilicate. This mineral was found to melt 
with the formation of two ternary liquid layers. Some gen- 
eral characteristics of the immiscibility region of the system 
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Figure 2.—The binary system CaO—B,O3. 
(Reproduced from fig. 2 of reference [0]) 


Ca0-B,0,-SiO., within which the composition of danburite lies, 
have also been pointed out by these investigators. 


II. GENERAL PROCEDURE 


1. PREPARATION AND ANALYSIS OF MIXTURES 


Calcium carbonate, boric acid, and silica gel were used as starting 
materials, 

_ The calcium carbonate was of reagent quality for alkali determina- 
tions. Analyses showed 56.06 percent of CaO (theoretical for 
CaCO;=56.08 percent of CaO). Impurities in the boric acid were 
reported by the Chemistry Division of the National Bureau of 
Standards as follows: Ke<0.001 percent; SO,<0.01 percent; 
Cl<0.001 percent. The silica gel was a commercial granular product 
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which was purified by boiling with concentrated nitric acid and subse. 
quently thoroughly washed and dried. Treatment with hydro. 
fluoric and sulfuric acids gave 0.04 percent of nonvolatile materia] 
based on the weight of the ignited silica. 

Boric acid volatilizes appreciably on heating and boric oxide 
though much less volatile, is extremely hygroscopic and difficult to 
handle. It was, therefore, considered advantageous in preparing the 
ternary compositions to add boric oxide already combined with bes 
For this purpose the four calcium borates were prepared by mixing 
boric acid in excess with calcium carbonate and fusing or sintering, 
All heat treatments were made in covered platinum containers. The 
products were ground in an agate mortar, their ignition losses and 
lime contents determined, and the latter brought to the theoretical] 
values by the addition of calcium carbonate. They were then 
reheated, ground, and analyzed as before. This was repeated until 
homogeneous, finely ground products having very nearly the theo- 
retical compositions were obtained. 

Stock quantities of the four calcium silicates were prepared in 
similar manner. 

Most of the ternary compositions were prepared along conjugation 
lines connecting the compositions of the calcium silicates and calcium 
borates. In making up such series the binary preparations were 
weighed out into dry bottles in appropriate proportions. The mix- 
tures were then shaken thoroughly, ground in an agate mortar, and 
heated over a blast burner enclosed in a refractory shield. The 
products were reground and the heating and grinding repeated once 
or twice, depending upon whether the preparations were fused, well 
sintered, or only slightly sintered. Analysis of representative mix- 
tures prepared in this way showed satisfactory agreement between 
actual and theoretical compositions. Mixtures not on conjugation 
lines were prepared by mixing calcium carbonate, silica gel, and 
calcium borate, heating and grinding as before. Compositions con- 
taining boric oxide in excess of that which could be added in combined 
form were prepared by igniting a suitable quantity of boric acid to 
constant weight in a platinum crucible and adding the calculated 
amounts of calcium carbonate and silica gel. The mixtures were 
then fused, ground, refused, and reground twice, and finally analyzed. 

Analytical determinations were made of ignition loss, silica, and 
lime; boric oxide was obtained by difference. Half-gram samples 
were decomposed by 1:1 hydrochloric acid, evaporated almost to 
dryness and the moist residue evaporated three times with 10-ml 
portions of methyl alcohol to remove the boric acid. Silica was 
then determined a double dehydration in the usual way and lime 
precipitated as calcium oxalate, which was ignited to the oxide and 
weighed. 

2. APPARATUS AND METHODS 


The behavior of the ternary preparations on heating or on crystal- 
lization from their melts was studied by means of a vertical tube 
resistance furnace [13] wound with 80-percent platinum—20-percent 
rhodium wire. Temperatures were measured by platinum—plati- 
num-rhodium thermocouples in conjunction with a precision potel- 
tiometer and galvanometer. The single thermocouples used were 
calibrated frequently against the melting points of potassium sulphate, 
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1,069.1° C; monocalcium borate, 1,154° C; diopside, 1,391.5° C; and 
monocalcium silicate, 1,544° C. The differential thermocouple used 
in heating curves was calibrated against potassium sulphate, 1,069.1° 
C; dicalctum borate, 1,304° C; and monocalcium silicate, 1,544° C. 

The quenching method [14] was used principally for investigation 
of the ternary mixtures. Phases present in quenched samples were 
identified with the petrographic microscope. However, for the 
majority of compositions in the high-lime portion of the diagram 
this method was not applicable, as crystallization occurred during 
quenching. The melting behavior of such mixtures was determined 
by means of heating curves. 
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FicureE 3.—Triangular concentration diagram of the system CaO-B,0;-SiO, 


giving the compositions investigated and the limits of the stability fields in weight 
percent. 


III. THE STABILITY FIELDS 
1. CaO.SiO, 


_The compositions determining the area within which monocalcium 

silicate occurs as a primary phase (B-12-11-10-2-1-C, fig. 3) are 
listed in table 1. Column'5 gives the length of heat treatment of 
each charge in the furnace , oon quenching. The last column 
shows the results of microscopic examinations on the quenched 
samples. Formulas of binary and ternary compounds given in this 
and other tables are abbreviated by designating each component 
oxide by its first letter, C for CaO; B for B,O,; and S for SiO,. The 
data in table 1 serve to fix the liquidus temperatures within suffi- 
dently narrow limits and, for some compositions such as no. 4, the 
temperatures of boundaries and of quintuple points or eutectics. 
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Crystallization from melts in the monocalcium silicate field occurred 
veadiie except in the case of a few compositions located near the 
monocalcium borate boundary and the lower part of the silica bound. 
ary. Charges of these compositions were held overnight to insure 
attainment of equilibrium. 

No marked variation in the indices of a—CaO.SiO, from the values 
of the pure compound was observed. The possible existence of solid 
solutions with calcium borates and their effect on the alpha-betg 
inversion of monocalcium silicate have not been investigated and 
therefore no attempt is made in figure 3 to indicate a boundary 
between the fields of alpha- and beta-monocalcium silicate. 


TABLE 1.—Compositions in the monocalcium silicate field 





Composition Time held 
before 
CaO B203 SiO; quenching 





Tempera- Phases present 


Composition num- 
ture (C=Ca0, B=B203, S=Si0;) 





% % hr 
46.3 
44.4 


All glass. 
CS+¢lass. 

All glass. 

Trace CS+-glass. 
All glass. 
CS-+glass. 

All glass. 
CS+¢glass. 
CS+¢lass. 
CS+CB-+#¢lass. 
CS+CB-+#lass. 
All crystalline. 
All glass. 
CS+¢lass. 


42.4 


% 
% 


All glass. 

Trace CS+-glass. 
All glass. 
CS-+¢glass. 

All glass. 
CS+¢lass. 

All glass. 
CS+¢lass. 

All glass. 
CS-+glass. 


All glass. 
C8+¢lass. 

All glass. 

Trace CS+glass. 
Liquidus. 
Eutectic (2). 
Liquidus. 
Eutectic (2). 

All glass. 
CS-+glass. 


All glass. 
CS+¢lass. 
All glass. 
CS-+¢lass. 
All glass. 
CS-+ glass. 
CS+ glass. 
CS+C.S-+glass. 
All glass. 
CS-+¢lass. 
All glass. 
CS+glass. 


*®“h. c.” indicates data obtained by heating curves. Under the column headed “phases present” the 
data given in such cases represent interpretations placed on breaks in heating curves. 
»* Numbers in parentheses in all the tables refer to points or boundaries in figure 3. 
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TABLE 1.—Compositions in the monocalcium silicate field—Continued 





Composition : 
Composition num- Time bald Tempera- Phases present 
ber cao | Bio, | sio, |auenching} 4 | (C=Cad, B=B:0s, 8-810») 








Go 
5 
Q 


% % % 
54,2 29. 2 


22. 2 
28.7 


All glass. 
CS-+-glass. 

All glass. 
CS+¢lass. 

All glass. 
CS-+glass. 

All glass. 

Trace CS+glass. 
All glass. 
CS-+glass. 


All glass, 
CS+Si0O2+¢lass. 
All glass. 
CS+glass. 

All glass. 
CS-+¢lass. 

All glass. 
CS-+glass. 

All glass. 


CS+¢lass. 

CS-+trace C3S+glass; 
All glass. 

C8S+¢lass. 

All glass. 

CS+glass. 

All glass. 


CS+glass. 
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Figure 41 shows the binary system CaO.Si0.-2Ca0.B.0;, and 
figures 4J and 4K, the pseudobinary systems CaO0.Si0,—CaO.,B,0; 
and CaO.SiO,-CaO.B;Os3, respectively. 


2. 3CaO.2SiO, 


Tricalcium disilicate crystallizes as a primary phase within a very 
restricted area (C-1-C’, fig. 3), being obtained only from melts which 
contain less than 2 percent of B,O;. Quenches on composition no. 34 
in this field (54.5 percent of CaO, 0:6 percent of B.O;, 44.9 percent 
of SiO.) gave a liquidus temperature of 1,457° C and a C,S,-CS 
boundary temperature of 1,453° C. 


3. 2CaO.SiO; 


Dicalcium silicate forms solid solutions with the calcium borates 
and the partial limits of these solutions are indicated by the shaded 
area in figure 3. The compositions prepared in the dicalcium silicate 
field (C’-1-2-3-4-5-6-D, fig. 3) are given in table 2. 

Compositions 41, 42, 46, 47, 48, 49, 50, 51, 52, 54, 55, 56, 57, 60, 
61, 62, and 63 show the effect of solid solution on the alpha-beta 
inversion of dicalcium silicate, which normally occurs at 1,420° C, as 
is shown in figure 5. Lowering of this temperature by a maximum 
of 190° C was observed. If this lowering is assumed to be due 
entirely to solid solution of the calcium borates, no further change 
in the inversion temperature should occur when a saturated solid 
solution is formed. Furthermore, heating curves on compositions 
containing less than the saturation amount of solid solution should 
exhibit no eutectic or boundary breaks. This was found to be the 
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case for mixtures containing less than approximately 15 percent of 
added monocalcium borate, 20 percent of added dicalcium borate 
and 35 percent of added pentacalcium borosilicate, and solid solution 
is therefore placed at these limits. It is of interest that these per- 
centages represent approximately the same mole fractions of the 
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FigurE 4.—Binary and pseudobinary systems investigated in the system 
CaO-B,0;-SiO.. 
(SS=solid solution.) 


respective compounds in the solid solutions: a mole fraction of 0.19 
for monocalcium borate and dicalcium borate, and of 0.18 for penta- 
calcium borosilicate. Lowering of the inversion temperature to 
about 1,270° C occurs in the monocalcium borate solid solutions, 
and to about 1,230° C in solid solutions of the other two compounds. 
The extent of the solid solution area from the C,S—C,;BS and C,S-CB 
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conjugation lines toward the CaO-SiO, side line has not been deter- 
mined. 
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Figure 5.—Effect of solid solution on the a—8 inversion of dicalcium silicate. 


TaBLE 2.—Compositions in the dicalcium silicate field 





Composition Time held 


Composition number before 
CaO | B20; | sid, | Wenching 


Tempera- 
ture 





Phases present 





5 


% % % 
All glass. 


Trace C;S+glass. 
C,8+CS-+glass. 
Boundary (1-2). 
Eutectic (2). 
Boundary (1-2). 
All glass. 


57.0 5.5 37.5 


Pee 


SPORES Sess eekR EKO KUO KKS pees 


58.7 3.8 
59.0 y A | 





= 


59.3 11.5 


is 


Boundary (1-2) y 
All glass. 
C28+¢glass. 


All glass, 
a 


a-B C 

Boundary (3-4). 
Eutectic (2). 
a-B C28. 
Eutectic (2). 


59.5 13. 4 
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All glass. 
C28+¢lass. 
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Quintuple point (3). 
Eutectic (2). 
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TABLE 2.—Compositions in the dicalcium silicate field—Continued 





——— 


Composition Time held 


Composition number before 
B03 SiO; quenching 


Tempera- 
ture 





Phases present 





% 


20.8 Liquidus. 


Quintuple point (3), 
a-B C28. @) 
a-B C28. 
a-B C28. 
a-B C38. 


a-B C38. 

All glass. 

C,8+glass. 

a-B C28. 

Eutectic (2). 
ll glass. 


33. 8 
33. 1 


Pr Pppppp 
eSeeeee 


PP 
Se RRS SRKS 


C2S+glass. 
Liquidus. 
a-B CS. 


od 


a-B C28. 
Eutectic (2). 


2. 
Quintuple point (3), 
a-B C28. 
Quintuple point (3), 
Eutectic (2), 

All glass. 
C28-+glass. 
Boundary (3-4). 
a pee (3). 


Prep ps 


SEEPS ES EKS Se eees 


Eutectic (2). 
Boundary (3-4). 
Quintuple point (3). 
Eutectic (2). 


a-B C28. 
Binary eutectic (5). 
a-B C8. 
Binary eutectic (5), 


26. 
Binary eutectic (5), 
a-B C28 


2S. 
Binary eutectic (5). 
Quintuple point (4), 


Binary eutectic (5). 
Quintuple point (4). 
Eutectic (6). 
Liquidus. 
Boundary (3-4). 
All glass. 
C,8+¢glass. 

All glass. 

Trace C,S+glass. 





h. 
h. 
h. 
h. 
h. 
h. 
h.c 
h.c 
h.c 
h.c 
h.c 
h.c 
h.c 
h.c 
h.c 
h. 
h. 
h. 
h. 
h. 


c. 
c. 
c. 
Cc. 
c. 
MY 
M 
M4 
M% 


wipe 
RSS 


eee 


























Pseudo-binary systems of 2CaO.SiO, with 2Ca0.B,0; and Ca0.B,0; 
are shown in figures 4A and 4L, respectively; and the true binary 
— formed by 2CaO.SiO, and 5CaO.B,0;.Si0, is given in figure 
4C. 

Dicalcium silicate, crystallized from melts, had the appearance of 
rounded grains usually imbedded in glass, making an exact determi- 
nation of the indices difficult. A marked lowering of the indices was 
observed, however. Thus composition 18, table 1 (58.4 percent of 
CaO, 13.2 percent of B,O;, 28.4 percent of SiO,), which lies just inside 
the monocalcium silicate field, when held below the temperature of 
secondary crystallization, gave spherules of C,S having an average 
index only slightly above the 1.65 index of the glass in which they 
were imbedded (normal indices of 6B-2CaO.SiO,: a=1.717; y=1.738). 

The field of B-2CaO.SiO, has been located in figure 3 in accord- 
ance with the lowest temperatures found for the alpha-beta inversion. 
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4. CaO 


The compositions prepared in the lime field (D-6—7-8—-E-CaO, 
fig. 3) and melting data obtained by heating curves are given in 
table 3. Quenches were also made on these compositions to estab- 
lish the primary phase. 


TaBLE 3.—Compositions in the lime field 





Composition 
Tempera- 
ture * 





Composition number Phases present. 


B,0; 





% ‘ 
q Eutectic (6). 
Do. 
Do. 
Liquidus. 
Boundary (6-7-8). 


Boundary (8-E). 
D 


0. 
Binary eutectic (7). 
Do. 




















s Obtained from heating curves. 
5. 5Ca0O.B,03.SiO2 


Pentacalcium borosilicate is the only ternary compound found 
to possess a field (4-5-6-7-8-9, fig. 3) in the ternary diagram. It 
may be considered as formed by the combination of dicalcium silicate 
with tricalcium borate, mole for mole; or by the combination of 
tricalcium silicate with dicalcium borate, mole for mole. Tricalcium 
silicate does not occur as a primary phase in this sytem, the ternary 
compound occupying the region where it might be expected to appear. 

The compound, 5CaO.B,0;.Si0O,., melts congruently at 1,419° C. 
The optical properties [15] are: biaxial negative with moderate optic 
axial angle; a=1.666 +0.003, B=1.682 +0.003, y=1.690 + 0.003. 
Polysynthetic twinning is extremely common. The optic axial angle 
appears to be variable, probably because of twinning. The com- 
_ appears in irregular or rounded grains without definite crystal 
outline. 

Pentacalcium borosilicate forms true binary systems with dical- 
cium silicate, tricalcium borate (fig. 4C), and lime. In accordance 
with the theorem of Alkemade [16] the maximum temperature on 
the boundary 4-5-6 (fig. 3) was found to occur at the binary eutectic 
(point 5); the maximum on boundary 6-7-8 at the binary eutectic 
(point 7); and the maximum on boundary 4-9-8 at the binary 
eutectic (point 9). 

Complete crystallization of most charges in this field occurred on 
quenching; hence melting data were obtained exclusively by heating 
curves. ‘The results are listed in table 4. 
sag solid solution of 2CaO.SiO, in 5CaO0.B,0;.Si0,. was not 
Indicated. 
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TABLE 4.—Compositions in the pentacalcium borosilicate field 





Composition 


set Temper- 
Composition number prey Phases present 








———— 


Binary eutectic (5). 
Liquidus. 


Do. 
Do. 


Do. 


Do. 
Quintuple point (4), 
Binary eutectic (5), 
Liquidus. 


Do. 
Boundary (5-7-8), 
Liquidus. 
Boundary (8-9-4). 
Liquidus. 




















* Obtained from heating curves. 


6. 3CaO.B,0; 


Heating curves on a tricalcium borate preparation having very 
nearly the theoretical composition (by analysis: 70.74 percent of 
CaO, 29.26 percent of B,O;; theoretical: 70.73 percent of CaO; 
29.27 percent of B,O3) gave its melting temperature as 1,488° C, a 
value 9° higher than that reported by Carlson [10] for this com- 

ound. 

F In this field (E-8-9-4-3-F, fig. 3) most of the melting data were 
secured by heating curves, owing to difficulties caused by quench 
crystallization. The data are given in table 5. 


TaBLE 5.—Compositions in the tricalcium borate field 





Composition, Time held 


before 
quenching 





Composition number bo gat Phases present 


CaO | BsOs | SiO: 





% 7% % 
68.5 | 26.3 5.2 


66. 3 23. 4 
20. 5 


Liquidus. 
Quintuple point (3), 
Liquidus. 
Quintuple point (3), 
Liquidus. 
Quintuple point (3). 
All glass. 


PPPRPP™ 


SIME PEP PP PP REE Pe Pee 


17.6 


C3:B+C28-+-glass. 
All glass. 
Trace C3B+¢lass. 


Liquidus. 
Quintuple point (9). 
Liquidus, 
Boundary (3-4). 
Quintuple point (3). 
All glass. 
C3B+C,S-+glass. 
Quintuple point (3). 
Eutectic (2). 

All glass. 
C3:B-+glass. 

All glass. 
C3B-+glass. 


17.2 


20. 5 


17.5 


15.3 
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TaBLE 5.—Compositions in the tricalcium borate field—Continued 





Composition 
Composition number Time held | Tempera- Phases present 
before ture 
CaO | B03 | SiO: | quenching 








% % % 

26.3 3.5 
23. 4 7.0 
22.7 7.8 


16. 6 18.4 
19. 4 17.1 


Liquidus. 
D 


10. 
Binary eutectic (9). 
Liquidus. 


Do. 
Quintuple point (3). 
Liquidus. 

Quintuple point (3). 


Preeeree 


All glass. 
C3:B-+¢lass. 
Liquidus. 
Quintuple point (3). 
All glass. 
C;B+¢lass. 
Quintuple point (3). 
All glass. 
C;B+glass. 
Boundary (F-3). 
Liquidus. 


Boundary (F-3). 
Liquidus. 
Eutectic (8). 
Liquidus. 
Eutectic (8). 
Liquidus. 


22. 2 15.8 
21.1 11.8 


ad 


23.0 10.5 


p 


26. 8 7.9 
28.7 6.6 


30. 6 5.3 
27.8 1.3 


26. 4 2. 6 
24.9 4.0 


PORES ORS SERR SF SSsesse 


PrpEep pp 
Peeees 























7. 2Ca0.B,0; 


Dicalcium borate forms a true binary system with monocalcium 
silicate (fig. 41) and accordingly boundary 2-11 (fig. 3) shows a 
maximum temperature at point 10, as determined by a heating curve 
on composition 124, and quenches on composition 125, table 6. 


TaBLE 6.—Compositions in the dicalcium borate field 





mpositi 
cea Time held 
Composition number. before 


CaO | BOs | sid, | Wenching 


Tempera- 
ture 





Phases present 





% % % 
62.9 2.6 


63.5 3.9 
3.5 


7.0 
4.2 


Liquidus. 

Boundary (F-3). 
Liquidus. 

Liquidus. 

Liquidus. 

C3B-+trace C3;B+ glass. 
All glass. 


C3:B+¢lass. 


BEER 8 


All glass. 
C:B+¢lass. 

All glass. 
C2B+¢lass. 

All glass. 

Trace C2B+glass. 


8.3 


SSBBB 
~_ 


8 


Trace C2B+ glass. 
C2B+C;3B-+ glass. 


%OO000 
RARER RK TS 
ent Dent Peet peat fed fet ent eet pent et et Lond 


a 


no 
as wro 
wo on 


Liquidus. 

Liquidus. 

Binary eutectic (10). 
All glass. 
C2B+¢lass. 
C:B+CS-+¢lass. 


8 
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TABLE 6.—Compositions in the dicalcium borate field—Continued 





Composition number. 


Composition 





CaO 


B203 


SiO, 


Time held 
before 
quenching 


Tempera- 
ture 


ce 


Phases present 








% 








% 


20. 0 


5.3 
7.9 
9.2 





—_—— 


ROO OOO 


mee gr, pt ee, remem, mem, emma, ge, el men, go ein, go, gr an, eC, eon, tn, ge, er rn, tn, pa, en al np, pa, 








All glass. 


All glass. 
C2B+¢lass. 
All glass. 
C:B-+ glass. 
All glass. 
C2:B+ glass. 
All glass. 
C2B+¢lass. 
All glass. 
C2B+¢lass. 


Liquidus. 

All glass. 

Trace C2B+¢lass. 
All glass. 

Tres C:B+glass. 
All glass. 
C2B+¢glass. 
Quintuple Point=(11), 
All glass. 
C,B-+¢lass. 
Boundary (2-11), 


All glass. 
C:B+¢lass. 

All glass. 
C2B+¢lass. 

All glass. 
C2B+¢lass. 
the 


glass 
Trace C2:B+-glass. 
All glass. 
C2B-+ glass, 


All glass. 
C:B+glass. 
All glass. 


C2B+-C8+slaas 


Oe i. 
C:3B+CB-+-glass. 
All glass. 

C:B-+- glass. 


All glass. 
C2B+¢lass. 

All glass. 
C:B+¢lass. 
C:B+CB-glass. 
All glass. 
C:B+¢lass. 
Liquidus. 

All glass. 
C:B+¢glass. 
C:B+CB-+glass. 


All glass. 
C:B+glass. 


C2:B-+glass. 

C:B+C8+¢lass. 

All glass. 

Trace C:B+¢lass, 
C:2B+CB+ 


— 
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8. CaO.B,0; 


Monocalcium borate is obtained from melts as lath-shaped crystals 
occasionally showing hexagonal outline. Sluggish crystallization of 
some compositions containing the higher percentages of silica in this 
field necessitated holding the charges overnight. Data relative to 
the monocalcium borate field are given in table 7. 

About one-third of the monocalcium borate field (G—11-12-13- 
14-H, fig. 3) lies in the one-liquid area, and about two-thirds (13-16— 
15-14, fig. 3) in the immiscibility region. The boundary of the field 
in the one-liquid area proceeding inward from the SiO,-B,0, side 
line was not determined. 

The composition corresponding to that of the mineral danburite, 
Ca0.B,03.2Si0O2, is located within the immiscibility portion of the 
monocalcium borate field. 


TABLE 7.—Compositions in the monocalcium borate field 





Composition ] 
Time held 
Composition number before 


CaO B20; SiO: quenching 


Tempera- 
ture 





Phases present 





% To % hr 
All glass. 


2.6 29 | CB+¢lass. 
CB+C2B-+¢lass. 
3.5 Q All glass. 
? CB-+¢lass. 
-, All glass. 
7.0 6 CB-+glass. 


CB+C.2B-+glass. 
4.2 31 | All glass. 

F 1 CB-+glass. 
All glass. 
CB-+¢lass. 
CB+C2B+¢lass. 


All glass. 
CB-+ glass. 
All glass. 
CB-+¢lass. 
CB+C2B+¢lass. 
All glass. 
CB-+ glass. 
All glass. 
CB-+ glass. 
All glass. 
CB-+glass. 


All glass. 
CB-+glass. 
CB+2 glasses. 
All glass. 
CB-+#lass. 
CB-+2 glasses. 
All glass. 
CB+¢lass. 

All glass. 
CB-+-glass. 

All glass. 
CB+Si02+glass. 


All glass. 

Trace CB-+-glass. 
All glass. 
CB-+glass. 

All glass. 
CB-+glass. 

All glass. 
CB+¢lass. 

All glass. 

Trace CB-+-glass. 
Two glasses. 
CB-+glass. 


8.3 


15.5 


eo 


SEz88 


18, 1 


rT 
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9. CaO.2B;03 


Only a small portion of the calcium diborate field (H-14-I, fig, 3) 
lies within the one-liquid region; compositions in the area 14—15-I’-] 
melt with the formation of two liquids. The boundary of the field 
in the one-liquid area extending inward from the SiO,—B,O; side ling 
was not determined. 

The liquidus temperatures of two compositions, 180 (27.3 percent 
of CaO, 70.9 percent of B,O;, 1.8 percent of SiO.) and 181 (26.2 per. 
cent of CaO, 69.9 percent of B,O;, 3.9 percent of SiO,), in the areg 
H-14-I, are 982° C and 967° C, respectively. 


10. SiO, 


This field is distorted in a curious manner by the occurrence of liquid 
immiscibility. It consists of a portion (A’-B-12-13) in the one-liquid 
area, a large region (A’-13—16—A) in the two-liquid area, and probably 
a narrow strip in the one-liquid area along the SiO,-B,O; side of the 
triangle extending an undetermined distance toward the B,Q; vertex, 

In the melts studied (table 8) silica appeared as tridymite im- 
bedded in the high-index glass. 


TABLE 8.—Compositions in the silica field 





Composition Time held - 
is before ‘em pera- 
Composition number quenching ture 


CaO B203 SiOz 





Phases present 





% % % 


1.0] 64.0 All glass. 


Si02:+CS-+glass. 
All glass. 

Trace SiO:+glass. 
8i0:+CS-+glass. 
All glass. 
8iO2+glass. 
8i02+CS8+¢lass. 
Si0O:+two glasses, 
8i03:+CS+-glass. 
Two glasses. 
8iO2+¢glass. 
SiO2+glass. 
Si0:+CS+¢lass. 


Two glasses. 
SiO2+¢glass. 
8iO2+¢glass. 
Si02+CS+glass. 
Two glasses. 
S8iO2+glass. 
SiOz+glass. 
Si02+CS-+glass. 
Two glasses. 
SiOs+glass. 
SiO2+¢glass. 
8i0.+CS-+¢lass. 
Two glasses. 
SiO2+glass. 
Two glasses. 
Si02+glass. 
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The exact concentration intervals between the two-liquid boundary 
and the silica-monocalcium silicate boundary have not been accu- 
rately determined, but probably are represented fairly closely by the 
region between the curves A’—13 and B-12 in figure 3. 


IV. THE TWO-LIQUID AREA 


The appearance of liquid immiscibility in a ternary system reduces 
the maximum possible number of solid. phases within such an area 
by one. Hence, no ternary eutectics can occur in an immiscibility 
region, and fields entering it must persist until liquid miscibility is 
again encountered. Moreover, boundaries between fields must be 
straight lines of constant temperature in the immiscibility area. 
The course of crystallization in this region is quite different from 
that in the one-liquid area. 

Liquid immiscibility of the type found in the system CaO-B,0,;-SiO, 
robably occurs also in ternary systems of B,O; and SiO, with MgO, 
80, ZnO, FeO, CoO, and NiO, as these last six oxides, like CaO, 
form binary systems with both B,O; and SiO, in which liquid im- 
miscibility occurs [1, 2]. Analogies are also to be found in certain 
organic systems such as the system water-phenol-aniline investigated 
by Schrememakers [17]. 

Studies were made of the compositions of immiscible liquids formed 
by the melting of mixtures within the area A—A’—13-14-I-I’, figure 
3. The results are listed in table 9. 


TABLE 9.—Tie-line compositions in the immiscibility area 





Compositions 
Time 
held 
High SiOz glass Low SiO: glass before - Phases present 
SS 
ng 








CaO | B203| SiOz | CaO | B203} SiO: 








hihi hi h|%| % 
63.6 | 36,4 


33.3 
32. 4 
7.4 ‘ ‘ 30. 6 
8.3 28. 1 


Two glasses. 
SiO: + glass. 
Two glasses. 
SiO: + glass. 
Two glasses. 
CB + glass. 

Two glasses. 
CB + glass. 

Two glasses. 
CB + glass. 


Two glasses. 
CB + glass. 
Two glasses. 
Trace CB: + glass. 
CB:+ CB + glass. 
Two glasses. 
CBz + glass. 
Two glasses. 
CBz + glass. 


60. 0 : 3.9 . ; 25.6 | 65.5] 89 
64.0 | 20.0} 2.2) 56.1) 41.7 | 24.9] 683) 68 


12.0 | 740/140] 0.8 | 74.9 | 243] 23.4] 728] 3.8 
10.0} 840] 6.0] 0.9] 89.9] 9.2] 23.3] 75.2) 165 


Pe————NS Oe 









































These compositions were prepared as described under section II, 1. 
They were fused three times, with intermediate grinding and mixing. 
After the third fusion the resulting glasses were broken into coarse 
fragments, and those of the high-silica glass separated from those of 
the low-silica glass. The two glasses were easily distinguishable and 
there was no difficulty in making this separation. Samples were 
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~— analyzed and quench determinations made on the low-silicg 
glasses. 

Complete separation of the two liquids was not obtained in any 
case, but it is evident that the initial composition of the mixture and 
the compositions of the two liquids resulting must lie on a straight 
line regardless of the degree of separation, unless the initial composi- 
tion is changed during the fusions. The intersections of this ling, 
which is a tie line, with the boundaries of the immiscibility area give 
the compositions of the conjugate liquids. 

Two tie-line compositions were prepared in the silica field. Op 
melting, the high-silica layer formed a very viscous liquid which 
remained at the center of the crucible and the low-silica liquid flowed 
to the sides. Separation was very incomplete as the analyses show, 
The high-silica liquid, because of its high viscosity, tended to retain g 
considerable amount of the low-silica liquid. 

Much better separations were obtained in the monocalcium borate 
field where four tie-line compositions were prepared. The liquidus 
temperature of composition 199 (1,032°C) is the maximum tempera- 
ture for the immiscibility portion of the monocalcium borate field, 

The tie lines in the calcium diborate field have a fan-shaped distri- 
bution as figure 3 shows. The liquids in this field separated almost 
completely. Quenches on composition 202 fix the temperature of the 
quintuple line 14-15 separating the fields of calcium diborate and 
monocalcium borate. Quenches on a binary composition (12 percent 
of CaO, 88 percent of B,O;) gave 974° C for the temperature of the 
liquidus, a value 3° higher than that reported by Carlson [10]. 

In an attempt to establish the phase formed on secondary crysteglli- 
zation at the calcium diborate boundary in the one-liquid area along 
the SiO,-B,O; side line, a charge of the high-silica glass from com- 
position 203 was held for 11 days at 525° C. The charge was found 
still to consist of undevitrified glass. 

A striking feature of the immiscibility area is the marked increase 
in concentration of lime in the less siliceous liquids (of compositions 
represented by the curve A’—13-14-l, fig. 3), proceeding toward the 
interior of the diagram from either the lime-silica system or the lime- 
boric oxide system. The maximum concentration of lime in the 
ternary liquids is about 38.5 percent, which is 11 percent higher than 
the lime content of the corresponding lime-silica liquid (A’, fig. 3) 
and 15 percent higher than that of the Reaichh layer in the lime-boric 
oxide system (I, fig. 3). A similar observation was made by Morey 
and Ingerson [12]. 

Whether any appreciable increase in the lime concentration of 
the more siliceous ternary liquids (represented by the line A—16-15-I’, 
fig. 3) occurs has not been determined, but the analyses on composi 
tions 203, 204, and 205 indicate that the concentration change 1s 
probably small. Owing to lack of further information the om 
tions of the more siliceous liquids in the ternary diagram have been 


indicated by a dotted line connecting the compositions of the high- 
silica and high-boric oxide liquids in the respective binary systems. 

The maximum divergence in composition of the two liquids occurs 
in the monocalcium borate field, as inspection of the length of tie 
lines in figure 3 will show. 
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Vv. CHARACTERISTICS OF THE FUSION SURFACES 


Isotherms showing temperatures of complete melting have been 
inserted in figure 6. The positions of the isotherms were determined 
by points read off the diagrams of figure 4 at 50 and 100° C intervals 
and also by melting data for other compositions not on conjugation 
lines. 

In general, it may be said that the portion of the diagram to the 
left of the two-liquid boundary A’-13-14-I is of the usual type 
encountered in ternary oxide systems. To the right of that boundary 
the liquidus presents unusual features. 





Fiaure 6.—Triangular concentration diagram of the system CaQ-B,0;-SiO, with 
isotherms showing temperatures of complete melting. 


In a solid model where temperature is plotted on a scale perpen- 
dicular to the concentration triangle as a base, the liquidus of the 
immiscibility region appears as a curved surface capable of being 
generated by a rotating, horizontal line of variable length [18]. In 
the silica field the line moves downhill, one end traversing the dis- 
tance A~-16 while the other end passes from A’ to 13. Successive 
persone of the line (from 1,698 to 990° C) are isotherms and tie 
lines, and its final position before leaving the field represents an 
invariant condition where two liquids of compositions given by 
points 13 and 16, two solids (silica and monocalcium borate), and 
vapor are in equilibrium. 
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Passing into the monocalcium borate field the line moves uphill 
assuming successively higher positions until it reaches mn, the maxi. 
mum height on the surface in this region (1,032° C). In this position 
a plane passed through the line and perpendicular to the base will 
include the composition corresponding to monocalcium borate, 
From mn the line proceeds downhill, one end traversing the distance 
n-15 and the other the distance m-14. On reaching a minimum 
temperature (964° C) at 14-15 it represents an invariant condition 
wherein monocalcium borate, calcium diborate, and two liquids of 
compositions 14 and 15 are in equilibrium with vapor. 

Entering the calcium diborate field, the line moves uphill, the ends 
traversing the distances 15—I’ and 14~-I, respectively. Its final posi- 
tion (974° C) is I-I’ in the binary system lime-boric oxide. 

In the silica field there is a downward slope from temperatures at 
the silica liquidus in the binary system silica-boric oxide to the level 
of the surface where liquid immiscibility starts at A-16. At the 
SiO, vertex the liquidus is 15° C higher than the liquidus at A. In 
turn the area of the one-liquid region A’—13—12-B represents a down- 
ward slope from the liquidus surface in the immiscibility field to the 
silica-monocalcium silicate boundary B-12. The temperature differ- 
ence here has a maximum value of 262° C between A’ and B and a 
minimum value of 13° C between points 13 and 12, the latter compo- 
sition being that of the ternary eutectic between silica, monocalcium 
silicate, and monocalcium borate. 

On the other hand the monocalcium borate field slopes downward 
from the binary system lime-boric oxide to the level of the area 
13—16-15-14, wherein the liquidus temperature for each tie line 
remains fixed at the values determined by the intersection of the 
one-liquid surface with the two-liquid surface. On emerging from 
the immiscibility area beyond the boundary 15-16 the liquidus must 
fall to a boundary between monocalcium borate and an undetermined 
phase in the narrow one-liquid area extending inward from the 
Si0.-B,0; side line. 

The calcium diborate field slopes from H to I-14, its intersection 
with the immiscibility liquidus. The latter surface slopes from I-I’ 
to 14-15. The field emerges from the immiscibility area at I’-15 and 
the liquidus temperatures fall to the limits of the field in the one- 
liquid area adjoining the SiO,—B,Q; side line. 

Figure 7 represents projections of the boundary curves of the solid 
model on planes vertical to the base. Boundaries between different 
fields are shown and also boundaries between the one- and two-liquid 

ortions of fields (A’-13 ; 13-14; and 14-I). The numbers and letters 
by which the boundaries are designated correspond to those in figures 
3 and 6. 

It is seen in figure 7 that there are four boundary curves (4-6; 6-8; 
8-4; and 2-11) separating fields of primary crystallization which 
exhibit a maximum temperature. The maxima in these curves corre- 
spond to the temperatures of eutectics in the respective binary sys- 
tems. Boundaries A’-13; 13-14; and 14-I enable one to visuall 
partially the general contours of the surfaces in the immiscibility 
region. 

The compositions and temperatures of eutectics and quintuple 
points and other significant data are contained in table 10. 
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Ficgure 7.—Temperature-concentration diagrams of boundary curves in the system 


CaO-B,0;-Si03. 


TABLE 10.—Compositions and melting points 


TERNARY EUTECTICS 





Point no. figure 6 Crystalline phases 
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TABLE 10.—Compositions and melting points—Continued 


BINARY EUTECTICS 





Point no. figure 6 Crystalline phases CaO 








POSITIONS OF LIQUIDS JOINED BY QUINTUPLE LINES 





Low-silica liquid 38.0 31.6 
High-silica liquid (4) (9) 
Low-silica liquid 26.0 68. 2 
High-silica liquid (4) (8) 




















® Not determined. 


VI. CRYSTALLIZATION CURVES INTERSECTING THE 
TWO-LIQUID AREA 


In that portion of the ternary system where liquid immiscibility is 
not present in melts and does not appear during cooling, the crystal- 
lization curves are of familiar types. Discussion is therefore confined 
to the three fields which cross the immiscibility region. Figure 8 
shows the various composition triangles in the system CaO-B,O,-Si0, 
and some typical crystallization paths in the two-liquid area. 

Consider first a composition d within the silica field of the triangle 
CS, CB, SiO,. At a sufficiently high temperature the melt consists 
of two liquids, a and b, whose compositions are given by the extrem- 
ities of the tie line passing through the ternary composition. On 
cooling, silica separates and the mean composition of the liquids 
alters on the line de. The compositions of the individual liquids 
alter along ac and be, respectively. When the mean liquid com- 
position reaches e the last high-silica liquid, of composition ¢, dis- 
appears and the crystallization path proceeds from e to f, where 
monocalcium silicate appears; thence along f-12. At 12 monocal- 
cium borate crystallizes and liquid disappears. 

Composition h, at a sufficiently high temperature, consists of two 
liquids, g and i. On cooling, with separation of silica, the mean 
composition of the liquids alters along hj. At j monocalcium borate 
crystallizes and the temperature remains constant while the mean 
composition of the liquids changes along j-13, accompanied by 
separation of monocalcium borate and silica in a constant ratio of & 
composition given by the intersection of the line 13-16 with the 
CB-SiO, conjugation line. When the mean liquid composition 
reaches point 13 the last high-silica liquid disappears and the crystal- 
lization curve follows the boundary 13-12 with falling temperature. 
At the ternary eutectic (point 12) monocalcium silicate crystallizes 
and liquid disappears. 

Melt r in the composition triangle CB, CB, SiO, consists of two 
liquids, o and k. On cooling, monocalcium borate crystallizes and 
the mean liquid composition alters from r to p. At p silica appeals, 
and from p to 16, liquids 13 and 16, silica and monocalcium borate ate 








— yy oe ee a Pe | 


ist | System Lime—Boric Oxide—Silica 749 


present. On disappearance of the low-silica liquid, the crystallization 
curve proceeds by an undetermined path to a quintuple point between 
CB, CB., and SiO, (assuming that no binary compounds are formed 
between B,O; and Si0,). : 

The line CB-m-n separates crystallization paths which diverge to 
its left and those which diverge to its right with falling temperature. 
This is because the temperature of mn is the maximum of the liquidus 
in the immiscibility portion of the monocalcium borate field. 


- One Liquid 





aed 
Fiaure 8.—Composition triangles in the system CaO-B,0;-SiO, and some typical 
crystallization paths in the two-liquid area. 


Crystallization curves in the composition triangle CB, SiOz, 
B.0; are of types similar to those already discussed and will end at 
the ternary eutectic of these three compounds (again assuming the 
absence of binary compounds between B,O; and SiO,). 


VII. APPLICATIONS 


Dicalcium silicate occurs in portland cement in the unstable beta 
modification which possesses desirable hydraulic properties, whereas, 
In its low-temperature gamma modification, the compound is prac- 
tically nonhydraulic. The beta-gamma inversion for the pure com- 
pound normally occurs at 675° C with such rapidity that it is difficult 
to prepare the beta form in appreciable quantities even on quenching 
from temperatures of over 1,000° C. However, it was first noticed 
by Bates and Klein [19] that the presence of less than 1 percent of 

10; or Cr,O; prevented the inversion and that the former oxide 
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seemed to effect a marked lowering of the fusion temperature of the 
compound. 

Further studies carried on by E. T. Carlson of this Bureau [20) 
showed that progressive lowering of the alpha-beta inversion tem. 
perature of dicalcium silicate occurred on the addition of 0.5 to § 
percent of B,O; to the compound. Lowering of the indices of dical. 
cium silicate was also noted. It was ses: Lele that these effects 
probably indicated solid solution of boric oxide in the silicate. 

The results of the present investigation have verified this cop. 
clusion and partially fixed the limits of solid solution of the calcium 
borates in dicalcium silicate. No determinations of the beta-gamma 
inversion temperature were made, but it seems probable that this 
inversion is rendered very sluggish or inhibited completely by the 
existence of the solid solutions. 

The non-appearance of tricalcium silicate as a primary phase in the 
system CaOQ-B,0;-SiO, is of significance, with reference to the 
possible use of boric oxide to lower clinkering temperatures of the 
portland cement raw mix. The region where this compound might be 
expected is occupied by the ternary compound, 5Ca0O.B,0,,Si0,. 
This compound may be considered as formed by the combination of 
one mole of tricalcium silicate with one mole of dicalcium borate. A 
small amount of the ternary compound was finely ground, gauged 
with water to a stiff paste, and allowed to stand for some days. No 
setting was observed. It appears, therefore, that the compound 
does not possess hydraulic properties although the question has not 
yet been albdaciie investigated to verify this indication. 

Furthermore it was found by Carlson that, although the addition 
of boric oxide to binary mixtures of CaO and SiO,, or of CaO and 
Al,O;, promoted combination of these constituents on heating, the 
addition of boric oxide to ternary mixtures of CaO, SiO,, and Al,0,, 
with or without the addition of Fe,O; and MgO, inhibited combina- 
tion. That is, clinkers produced by heating CaO, SiO,, Al,O; mix- 
tures alone contained much less uncombined lime than corresponding 
mixtures to which boric oxide had been added, and the percentage of 
free lime in the clinkers was found to increase with increase in their 
B.O; content. It is probable that there is a considerable broadening 
of the lime field at various B,O; levels in the quaternary system 
CaQ-Al,0;-Si0,-B,03. 

The above considerations indicate that the addition of appre 
ciable quantities of boric oxide to the portland cement raw mix 
would not be desirable. 

The high-silica low-lime portion of the diagram is of interest in con- 
nection with the constitution of borosilicate glasses. This aspect of 
the problem and the effect of addition of alkali oxide upon the liquid 
immiscibility are being studied elsewhere [12]. 


VIII. SUMMARY 


The foregoing investigation of the system CaO-B,O,-Si0, has dis 
closed a type of liquid immiscibility not encountered in other ternaly 
oxide systems. Whereas in previous instances immiscibility was con- 
fined to one field only, in this system compositions in any one 0 
three fields may melt with the formation of two liquids. The fieldsol 
silica, monocalcium borate, and calcium diborate were found to 
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largely within the immiscibility area which extends in the triangular 
diagram from the immiscibility region in the lime—boric oxide system 
to that in the lime-silica system. The width of the area broadens very 
considerably in proceeding toward the interior of the triangular 
diagram. 

Picamti features of the fusion surfaces in this system were discussed. 

One new compound, pentacalcium borosilicate, 5CaO.B,O;.Si0,, 
melting at 1,419° C, was found. Tricalcium silicate does not appear 
at the liquidus in the system. The region in which it might be ex- 
pected is occupied by the field of the ternary compound. The mineral 
danburite, CaO.B,O;.2Si0,., was not obtained as a crystalline phase, 
its composition lying in the immiscible liquid portion of the monocal- 
cium borate field. 

Solid solution of monocalcium borate, dicalcium borate, and penta- 
calcium borosilicate occurs in dicalcium silicate, causing the alpha- 
beta inversion temperature of dicalcium silicate to be lowered by a 
maximum of about 190° C. 

The evidence indicates that additions of small quantities of boric 
oxide to the portland cement raw mix before “burning” would not be 
advantageous. 


The authors take pleasure in acknowledging their indebtedness to 
E. T. Carlson, who began this investigation, and from whose data on 
35 compositions the binary system 2CaO.B,0;-CaO.SiO, and part of 
the pseudo-binary systems 2Ca0.B,0;-CaO.Si0,, Ca0.B,0;- 
2Ca0.Si0,, are constructed. 
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CARE OF FILMSLIDES AND MOTION-PICTURE FILMS IN 
LIBRARIES? 


By Charles G. Weber and John R. Hill? 


ABSTRACT 


The stability of cellulose acetate film used as filmslides is being studied to 
determine its suitability for preserving records in libraries. Cellulose nitrate 
motion-picture films are being tested to find the best conditions for preserving 
this type of film. The control of moisture content is essential to prevent brit- 
tleness in acetate films, and scratching of the emulsion appears to be a problem 
involved in the use of filmslides in reading projectors. Frequent cleaning is 
important. Nitrate motion-picture films are not permanent because the cellu- 
lose nitrate is unstable. They can be best preserved by storing in a dry atmos- 
phere, at low temperature, in such manner that products of decomposition are 
permitted to escape freely. The storage of nitrate films requires very exacting 
fire-prevention measures. 
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I. INTRODUCTION 


Progress made in the use of photographic film for copying, in 
miniature, important reference records, and the apparent certainty 
of widespread expansion in the use of films for many classes of library 
records, make the care and preservation of films a problem of im- 
mediate importance to librarians. The term filmslide is applied to 
films used for projecting enlarged still pictures on a screen for com- 
fortable reading. They can be either in roll or card form. Two 
kinds of film are available for this purpose: first, cellulose nitrate, 
which is very inflammable and chemically unstable and, second, 
cellulose acetate (“safety film”), which is slow-burning and chemically 
_—_ 

' This study was made with the assistance of a fund granted by the Carnegie Corporation to the Na- 
tional Research Council, and a fund allotted by the National Archives, and with the advice of the follow- 
ng committee, appointed by the National Research Council: R. C. Binkley, National Association of 

arned Societies; J. G. Bradley, National Archives; E. K. Carver, Eastman Kodak Co.; H. T. Cowling, 
representing the Society of Motion Picture Engineers; V. B. Sease, Du Pont Film Corporation; F. W. 
mn National Research Council; and H. M. Lydenberg, chairman, New York Public Library. The 


im Preservation Committee of the Society of Motion Picture Engineers has been very helpful also. 
h Associate at the National Bureau of Standards, representing the National Research Council. 
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stable. Both kinds have been used for copying documents in minjg- 
ture, but at present only safety film is in general use for this pur. 
pose. Acetate film presents no greater fire hazard than ordin 
paper, and although the safety film now used is a comparatively 
new material, it has been found in tests at the National Bureau of 
Standards * to be very stable, if properly made and processed. How. 
ever, the preservation of acetate film requires control of moisture 
content. 

Cellulose nitrate is in general use in the motion-picture industry 
chiefly because cellulose acetate is more brittle when dry, curls more 
in service, and is slightly plastic when wet, consequently, it is not 
entirely satisfactory for continuous machine development. The 
samples tested were furnished by the three principal domestic manu- 
facturers of motion-picture films, and were said to be representative 
of current commercial products. No materials of foreign manu- 
facture were tested. 

The National Archives and other depositories interested in the 
storage of valuable motion-picture films have special problems due 
to the highly inflammable character of the base. The base of this 
type of film is a mixture of cellulose nitrate and camphor. It is 
chemically unstable and highly combustible. 


II. EFFECTS OF ATMOSPHERIC VARIATIONS ON FILMS 


The effects of variations in relative humidity of the surrounding 
air were determined by studying the properties of film over a wide 
range of relative humidities at constant temperature. The properties 
tested were: Moisture content, and its effect on flexibility as deter- 
mined by the Pfund ‘* type of folding-endurance tester; and dimen- 
sional changes. Inasmuch as the experience of film users has indi- 
cated that acetate film is much more susceptible to atmospheric 
changes than nitrate film, the relative behavior of these two types is 
significant. The films were conditioned for 24 hours in all instances, 
because both types of film were found to reach practically constant 
weight within that time. The tests were made on films secured from 
three domestic manufacturers who stated that the films were repre- 
sentative commercial products. 


1. MOISTURE CONTENT 


The moisture contents of cellulose acetate and cellulose nitrate film, 
in common with other hygroscopic substances, tend to follow the 
relative humidity of the surrounding atmosphere. With films 
changes of moisture content affect the flexibility and cause dimensional 
changes. Hence, the relationship between relative humidity and 
moisture content is of interest in that it gives the basis for explana- 
tion of the physical reactions of the films to moisture changes. _ 
relationship is shown graphically in figure 1. The data on moisture 
content of films are based on oven-dry weights. Oven-dry weight 
was obtained by heating for 1 hour at 100° C, with a slight correction 
for permanent loss in weight which was due to loss of volatile material. 

» Detailed information on the stability of films will be contained in a separate article now in preparation. 
‘ This type of folding tester developed by A. H. Pfund, Johns Hopkins University, for the DuPont Film 


Corporation, was used in the study at the Bureau after it was found to give more reproducible results 
did folding testers used for paper. 
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The graph shows absorption and loss of moisture for both acetate and 
nitrate films with emulsion. These curves are similar in general form 
to adsorption-desorption curves for paper.’ It will be noted that 
there are two curves for each type of film, which is because the mois- 
ture content of a hygroscopic substance varies according to the direc- 
tion of approach to the hygrometric condition. Hence, we have one 
curve for absorption, that is, ascending from a dry initial condition, 
and one curve for descending values. This variation in moisture 
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Fiaure 1.—Relationship between relative humidity and moisture content of cellulose 
acetate and cellulose nitrate motion-picture film. 


content, as influenced by the history of conditioning, is known as 
hysteresis. 
2. FLEXIBILITY 


The relationship between folding endurance and relative humidity 
was found to be fairly regular for both acetate and nitrate film. The 
loss of folding strength with decreasing relative humidity was more 
rapid for acetate than for nitrate, which apparently explains why 
brittleness difficulties are more frequently encountered in the use of 
safety film. The relationship between the hygrometric condition and 
flexibility of both acetate film and nitrate film is shown in figure 2. 
Data were obtained for the relative-humidity range from 30 to 85 
percent, as shown by the curves. Extension of the curves below 30- 
percent relative humidity by extrapolation is shown by the broken 


‘BS J. Research 12, 53 (1934) RP633. 
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lines. The only data for this region were obtained on film dried 
over calcium chloride in a desiccator. Neither type would withstand 
folding under these conditions, indicating complete loss of fold; 
endurance before zero relative humidity was reached. The extrapo. 
lation would indicate extreme brittleness of the acetate film at about 
15-percent relative humidity and below. This agrees with the experi. 
ence of users Hence, since 15 percent is within the range of humid. 
ity encountered during the winter season, in heated rooms with no 
humidity control, some air-conditioning precautions appear essential 
for the storage of safety films. From a consideration of the folding. 
strength data and some other factors involved, a relative humidity 
of approximately 50 percent would appear to be satisfactory. 
This value is high enough to prevent brittleness, and it does not 
introduce the condensation problems that might be encountered at 
higher humidities. Also, 50-percent’ humidity is well within the 
comfort zone and is economical for year-around control. Forty. 
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Ficur& 2.—Effects of relative humidity on flexibility of cellulose acetate and cellulose 
nitrate motion-picture film. 


nately, this humidity is the same as that found satisfactory for the 
preservation of books in libraries;’ therefore the use of filmslides 
presents no storage problems for libraries provided with air 
conditioning. 

In libraries without conditioned air, satisfactory conditioning of 
films can be accomplished by means of humidification in small closed 
rooms or cabinets. Small closed rooms can be humidified with 
simple, relatively inexpensive air-conditioning units. This method 
has been employed successfully at the Library of Congress for film- 
slide storage space. Cabinets or small vaults can be humidified by 
using open vessels of the proper salt solution. A saturated solution 
of sodium dichromate, Na,Cr,O;.2H,0, because it gives 52-percent 
relative humidity at 68° F, should prove very satisfactory for the 
purpose. The solution should be exposed in shallow vessels with 
fans blowing air across the surface to promote the circulation of air. 
Inasmuch as considerable water may be absorbed from the air, al 
excess of dichromate should always be used to ensure saturation. 


¢ BS Misc. Pub. M144 (1933). 
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Acetate filmslides should be stored in the conditioned chamber 
when not in actual use. In order to ensure sufficient contact with 
the humidified air to permit films to regain the moisture lost during 
projection, they should be stored in open reels without cans. When 
laced in the humidity room, all tightly wound rolls should be 
Tuned and hung exposed so that the air will have free access to all 
parts of the film. 

Successive projections drive out the film moisture more rapidly 
than it can be regained while tightly wound, and film in frequently 
used rolls may become brittle even when stored in the humidified 
atmosphere between projections, unless proper precautions are taken. 
Acetate film that has become brittle through excessive drying will 
regain its flexibility without permanent damage if the moisture is 
restored. 

Moisture penetrates a tightly wound roll of film very slowly and it 
will require weeks to recondition a roll of brittle film properly, if the 
roll is not loosened to permit the air to get between the convolutions 
of film. ‘Thorough conditioning can be accomplished in 10 to 30 
minutes time by passing the film through a humid chamber or by 
other methods such as moistening with a mixture of water and a 
water-miscible volatile liquid as suggested by Crabtree and Carlton.’ 
However, such methods are inconvenient for the average library, and 
are not considered necessary for conditioning the small rolls of film 
used as filmslides. Nitrate film has better folding endurance at low 
humidity than acetate film, and is less prone to break in use when 
dry. Hence, humidity control is less essential for nitrate film from 
the standpoint of flexibility. Filmslides in card or strip form that 
are not subject to winding on reels do not require moisture-content 
control if carefully handled when dry. 


3. EXPANSION AND CONTRACTION 


All changes of moisture content of films are accompanied by ex- 
pansion or contraction. The dimensional changes resulting are not 
important to users of filmslides, except as uneven dimensional 
changes may cause curling of the films, and that is rarely sufficiently 
pronounced to give serious difficulty in a well-designed projector. 
The relationship between moisture-content increase and expansion of 
films is shown in figure 3. It will be noted that there is little differ- 
ence between the two types of films as regards changes of dimensions 
per unit of moisture change. However, the moisture-content changes 
accompanying atmospheric variations are greater for acetate film as 
shown in figure 1. Furthermore, the acetate film always tends to 
curl more than the nitrate. While the expansion and contraction 
of film is considered a serious problem in film processing it does 
not often give trouble in the projection of films, as standard sprockets 
are made to allow for a shrinkage up to 1.5 percent. 

Film shrinkage not caused by loss of moisture is caused by loss of 
Volatile material. With acetate film this is confined to the loss of 
some traces of solvents, and possibly some plasticizer, during the 
first 6 months, after which there is no further measurable permanent 
change. Nitrate film shrinks more or less continuously throughout 


’ Trans. Soc. Motion Picture Engrs. no. 30 (1927). 





758 Journal of Research of the National Bureau of Standards {va » 


its life because of the loss of solvents and of volatile decomposition 
products. Thus, printing from old nitrate negative will often requir 
pulling the film down frame by frame in step printers, because the 
shrinkage will cause too much creep for continuous printing. 


III. SCRATCHING OF FILMSLIDES 


Examination of filmslides that have been used in reading pro. 
jectors over a period of tims has revealed considerable scratchi 
particularly on the emulsion side. Figure 4 shows a section of film 
that had been in use in a public library for a period of less than 2 years, 
This photograph was taken by reflected light to show the actual extent 
of damage. The scratching has not in this instance reached the stage 
where legibility is seriously impaired. However, it apparently brings 
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Fiaure 3.—Relationship between moisture content and dimensions of cellulose 
acetate and cellulose nitrate motion-picture films. 


up a problem in connection with the care and use of filmslides. If the 
scratching cannot be avoided through improvements in the design of 
projectors and by keeping the films clean, it appears that the negative 
films of important records should be carefully preserved. It may be 
necessary to replace from time to time those positives that receive an 
excessive amount of use in projectors because of the accumulation of 
scratches. None of the commercial scratch-proofing treatments were 
tested for the purpose of determining their effectiveness in preventing 
scratching. 


IV. CLEANING OF FILMS AND FILMSLIDES 


It is important that film be kept clean, not only because extraneous 
material on the film affects legibility, but because dust particles cause 
scratching of the film when in use. The Bureau has found chemically 
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FIGURE Scratches on cellulose acetate film resulting from normal use in 
projector. 
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ure carbon tetrachloride to be quite satisfactory as a cleaning fluid. 
i is a good solvent for fats and oils, evaporates readily, is noncom- 
bustible, and does not have any measurable effect on the stability of 
the film. However, the fumes from this liquid are rather toxic and 
should not be inhaled. The use of this and other cleaning liquids is 
described by Crabtree and Carlton. They recommend that the film 
be wiped gently with a silk plush moistened with the cleaning liquid. 
It is ae that cleaning machines suitable for roll films are available 
commercially, and that their use is preferable to hand cleaning. Film 
subject to intermittent use should be inspected at regular intervals for 
dust, finger marks, or traces of oil from the projectors that may make 
cleaning necessary to preserve the legibility and prevent scratching. 


Vv. PROBLEMS IN THE STORAGE OF CELLULOSE NITRATE 
FILM 


Nitrate motion-picture film presents special problems of storage 
and handling because of its highly combustible nature. It has a low 
ignition temperature combined with a high rate of combustion, and is 
capable of decomposition with little or no air supply, evolving poison- 
ous, inflammable gases. Standards for the handling and storage have 
been established in the regulations of the National Board of Fire 
Underwriters. However, storage from the standpoint of the preser- 
vation of valuable film requires not only the protection of the sur- 
roundings in the event of a fire within a storage vault but the proper 
isolation of films within the vault so that only the minimum amount 
of film will be destroyed in case of fire. Crabtree and Ives ® found it 
possible to construct cabinets with metal-lined, insulated, individual 
film compartments that would prevent the complete burning of 
single rolls of film from igniting other film in the cabinet. Such 
cabinets are now available commercially, and their use inside safety 
vaults of suitable fireproof construction " '* should afford adequate 
protection from fire. This system has been followed in the construc- 
tion of the film-storage facilities at the National Archives.” 

Film of the nitrate type is perishable because the cellulose nitrate 
base is unstable chemically. Deterioration is accelerated by increas- 
ing temperature or moisture, raising the pressure, or by contact with 
the products of decomposition. Hence, storage compartments and 
containers should be so vented as to prevent any accumulation of 
gases to raise the pressure as might result in sealed containers, or to 
injure the film by contact. Also from the standpoint of preservation, 
the lower the temperature and humidity the better. However, the 
advantages to be gained by storing at temperatures below about 50° 
F are probably more than offset by the added costs of air condition- 
ing, and the tempering difficulties involved to prevent condensation 
when film is taken out of storage. Relative humidity above 50 per- 
cent is not recommended in any case. Even when stored under the 
most ideal conditions, nitrate film cannot be expected to last indefi- 
nitely, and valuable film should be inspected regularly for signs of 
| Trans. Soc. Motion Picture Engrs. no. 30 (Aug. 1927). 
anton = = a Board of Fire Underwriters Governing the Production, Storage, and Han- 

"J. Boe. Motion Piet vont -_ ig oy Ay ge Board of Fire Underwriters, New York, N. Y. 
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deterioration. Protective duplications should be made as soon ag 
deterioration is evident, and it appears to be desirable to reproduce 
the negatives of permanent record value on the more stable acetate 
base before deterioration is evident. 


VI. SUMMARY 


The cellulose acetate film used as filmslides for records is hygro. 
scopic. It adjusts its moisture content to conform to the humidity 
of the surrounding air, and changes in moisture content affect its 
properties. 

The film is brittle under the conditions often encountered in rooms 
without air conditioning, making control of the moisture content 
essential. The conditions suggested for storage and use of film are 
those recommended for the preservation of books in libraries, namely, 
50-percent relative humidity and 70 to 80° F. However, libraries 
without air conditioning can get satisfactory performance by storing 
the film slides in humidified cabinets or small rooms in which the 
relative humidity is not permitted to drop below 50 percent. Con- 
trol of temperature is not considered essential, except that extreme 
variations should be avoided. 

The emulsion side of film is easily scratched and despite care in 
handling, projecting, and cleaning to minimize abrasion, filmslides 
accumulate scratches. The positives in constant use may require 
occasional replacement; hence negative films of important records 
should be carefully preserved as a source of replacement. 

Nitrate film is perishable and highly combustible. Storage of this 
type of film should be undertaken only in approved fireproof cabinets, 
and these should be within vaults of fireproof construction. Low 
temperature and low relative humidity are recommended to retard the 
deterioration of films in storage. Film containers for nitrate film 
should be vented to permit free escape of the products of decomposi- 
tion (principally nitrous oxides) since their presence accelerates de- 
terioration. It appears advisable to preserve pictures of permanent 
value by making negatives on acetate base, because of the perishable 
nature of nitrate film. 


The authors are indebted to J. E. Gibson and M. Reiss for assistance 
in the work while assigned to the Bureau by the National Archives. 


WasHINGTON, September 18, 1936. 
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HYDROCARBONS IN THE FRACTION OF A MIDCONTI- 
NENT PETROLEUM DISTILLING BETWEEN 115 AND 
124° C} 

By Robert T. Leslie ? 


ABSTRACT 


The distillate from a midcontinent petroleum which boiled between 115 and 
124° C was distilled and crystallized systematically in order to identify or detect, 
if possible, all the constituent hydrocarbons. Large quantities of paraffinic 
constituent were found in the distillate between 116 and 118.5°C. Mixed melting 
points and photomicrographs showed that this material was an additional quan- 
tity of the hydrocarbon which had been isolated in earlier work on the fraction. 
The physical properties of the most concentrated sample indicate that it was 
probably 2-methylheptane. 

Smaller quantities of naphthenic constituents distilling between 119.2 and 
119.8° C; 119.8 and 120.4° C; 120.4 and 120.8° C; and 122 and 124° C were crystal- 
lized repeatedly and the physical properties, cooling curves, and photomicro- 
graphs were studied. The photomicrographs of synthetic samples of p- and 
m-dimethyleyclohexanes and their mixtures were also studied. The first three 
fractions contained additional quantities of two naphthenic hydrocarbons which 
had been isolated before. They were characterized by a six-sided type of crystal, 
which was definitely neither m- nor p-dimethylcyclohexane, and a long prismatic 
type tending to develop fronds, which was probably m-dimethylcyclohexane. 
The fourth naphthenic fraction showed the characteristic crystal behavior of the 
predominant constituent but also showed the presence of a small quantity of 
paraffinic hydrocarbon. The combustion analysis also indicated the presence 
of about 8 percent of paraffinic constituent. Physical properties of all the 
fractions were determined. 

It was estimated that the petroleum contained about 0.5 percent of 2—methyl- 
heptane, 0.2 percent of the cyclohexanes distilling between 119.2 and 120.8° C, 
and 0.04 percent of the cyclohexane boiling at 123.4° C. 
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VI. Estimate of the relative quantities of the constituents 769 


I. INTRODUCTION 


Previous papers describe the separation of n-octane,? 2—methyl- 
heptane,‘ and a dimethyleyclohexane fraction * from the distillate of 


tm Financial assistance has been received from the research fund of the American Petroleum Institute. 
he pec is part of Project 6, The Separation, Identification, and Determination of the Constituents of 
a This paper was originally presented before the Pittsburgh meeting of the American Chemical 


i aa Associate at the National Bureau of Standards, representing the American Petroleum 


Ky T. Leslie and 8. T. Schicktanz, BS J. Research 6, 377 (1931) RP282. 
+ 3 Leslie, BS J. Research 10, 609 (1933) RP552. 
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a midcontinent petroleum boiling between 115 and 126° C. These 
hydrocarbons represent the three types of compounds of which the 
distillate is constituted, and the isolation of each required the develop. 
ment of new methods of attack. While the methods are still some. 
what tedious and difficult, they have solved most of the problems 
which arise in the crystallization of the hydrocarbons probably 
present in this distillate. This paper describes the study of the 
considerable material remaining after the work described above, 
The material was subjected to exhaustive distillation and crystallj- 
zation until practically all of it was reduced to large-volume fractions 
of which the major constituents could be identified. 


II. SEPARATION OF THE CONSTITUENTS BY 
DISTILLATION AND CRYSTALLIZATION 


The outline of the work is shown concisely in figure 1. Chart 1of | 
figure 1 shows the results of careful distillation following the removal 
of about 2 liters of octonaphthene from the distillate between 119 
and 120° C.° The open circles and disks along the base line of this 
graph mark the approximate temperatures at which the known paraf- 
finic and naphthenic compounds, respectively, are reported to boil, 

Up to 119° C the low refractive indices indicated that the distillate 
was chiefly paraffinic. Cooling curves of the distillate in this range 
showed no arrests, and the material became glassy in appearance, 
Crystallization of the material which distilled between 116 and 118.5° 
C, by pouring a mixture of the oil with propane into liquid methane, 
resulted in the separation of a solid phase which yielded an oil with 
lower refractive index than that of the oil in the liquid phase. The 
distillate between 118.5 and 119.0° C gave only small amounts of 
solid phase in liquid methane. 

Between 119 and 124° C the refractive indices of the fractions 
showed that they were highly naphthenic. The distillate which 
boiled at 119.8° gave a cooling curve with a slight arrest at —122°. 
Crystallization from methane of the distillate boiling between 119 
and 124° C produced solid phases containing oil with higher index 
than that of the oil in the liquid phase. Above 124°, crystals with 
lower index than the liquid again resulted. 

The two sections of distillate indicated by the cross-hatched areas 
were therefore crystallized separately, as shown by the diagram below 
chart 1. The areas in these diagrams are drawn on the same scale 
as the distillation charts and can be used for comparison of volumes. 
At this stage a total of about 9.5 liters of distillate in 200-ml lots was 
crystallized by mixing with propane and pouring into liquid methane. 

The volumes of liquid and crystal fractions of the paraffinic dis- 
tillate were in about the ratio of 2 to 3 and their refractive indices 
differed by 0.003. The crystal fraction was again crystallized as 
shown below chart 1 and was distilled carefully. The properties of 
the fractions from this distillate are shown in figure 2. The best 
fractions of the distillate were crystallized repeatedly until little 
improvement was observed in the shape of the cooling curve, and the 
properties of this final product are given in the table below chart 3 
of figure 1. 


* See footnote 5. 











CHART 1-DISTILLATION OF LIQUID FRACTION AFTER REMOVAL OF m- DIME THYLCYCLOHEXANE 
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The ratio of the volumes of the liquid and — fractions of the 
naphthenic distillate was about 3 to 4 and the refractive indices 
differed by 0.006. The crystal fraction was distilled and combined 
with the distillate shown in chart 3. 

All the liquid fractions, together with the part of the distillate of 
chart 1 which was not crystallized (118.5 to 119° C, and 120.2 and 
124° C) were redistilled, and the results are shown by chart 2. This 
distillate was again divided into sections for crystallization. From 
the distillate between 116 and 118.6° C paraffinic crystals were again 


119 
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Figure 2.—Properties of a fraction containing an isooctane crystallized from the 
petroleum after distillation, but before preparation of a final pure sample. 


Properties are plotted on the ordinates for each os of distillate against the total volume over on the 
abscissa. 


obtained by freezing from solvents. The large volume distilling 
between 118.6 and 121.5° C was divided into two sections because it 
was suspected that there might be more than one naphthenic com- 
pound present in it. The section from 122.5 to 124° C definitely 
contained a naphthene not previously detected. The results of 
crystallizing the distillate from these sections are shown by the 
diagram below chart 2. About 10.5 liters of hydrocarbon was crys- 
tallized from methane in the second stage. 

The crystal fractions from these crystallizations were distilled with 
the results shown by chart 3. The paraffinic crystal fraction again 
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concentrated between 117 and 118.5° C. This distillate was divided 
into three sections and was considered as identifiable without further 
treatment. The distillate between 119 and 121° C was divided into 
three parts, as shown by the cross-hatched areas, and crystallized 
repeatedly until the cooling curves of the best fractions did not 
improve rapidly with successive crystallizations. In the same way 
the distillate between 122.5 and 124° C was crystallized to obtain 9 
fraction whose physical properties could be obtained for identifica. 
_— The properties of all the products are given in the table below 
chart 3. 

The liquid fractions from the crystr tization of the distillate of 
chart 3 were distilled and the volume * .d refractive index curves are 
shown by chart 4. The distillate she vn by this chart represents the 
total ne of unidentified hydro arbon from the fraction of the 
petroleum between 115 and 124° C. The refractive-index curve 
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Fiaure 3.—Cooling curves of purified samples of isooctanes isolated from petroleum. 


A, cooling curve of a purified sample of concentrated material isolated in a previous work; B, cooling curve 
of a mixture of equal volumes of the sample from previous work and the sample from present work; C, 
cooling curve of best sample isolated in the present work; D, cooling curve of sample represented by curve 
C before final crystallization. 


shows that the material varies from paraffinic at the lower tempera- 
tures to naphthenic at the upper, as before, but the quantity is small 
and no marked concentrations of volume appear. 


III. IDENTIFICATION OF THE HYDROCARBON ISOLATED 
FROM THE DISTILLATE BOILING BETWEEN 116 AND 
118.5° C 


The physical properties of the paraffin hydrocarbon (sample 1A) 
are not greatly different from those of the hydrocarbon isolated in a 
previous work’ and identified as 2—-methylheptane. As in the previous 
work, none of the constants agree exactly with those of L. Clark,’ 
but, in the absence of a sample of synthetic material with which to 
compare the properties, it has been assumed that the differences are 
due to differences in purity or to the methods of measuring the con- 
stants. This is not surprising when it is observed that the material 
isolated in this work has somewhat different constants from that 


7 R. T. Leslie, BS J. Research 10, 609 (1933) RP552. 
8J, Am. Chem. Soc. 31, 107 (1909). 
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rE 4.—Photomicrograph of crystals from best sample of the isooctane 
isolated in present work. 


Crystallization induced by seeding with material precipitated from methane 








Pnotomicrograph of crystals of isooctane isolated in previous work. 


Crystallization induced as described in figure 4. 
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Figure 6.—Crystals from a mixture of equal volumes of the hydrocarbons shown in 
figures 4 and 5. 


the appearance of the crystals of all three samples. 
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previously obtained. To make certain that the differences were not 
due to the methods of observation, one of the less pure samples from 
the previous work was further concentrated, and its constants were 
found to be: boiling pot 116.9° C (760 mm of Hg), refractive 
index, 1.3968%, freezing point, —113.0° C. This boiling point is 
lower and the freezing point higher than those of sample /A. In 
figure 3 are shown the cooling curves of sample 1A, of the purified 
sample from the previous work, and of a mixture of equal volumes of 
the two. Since the cooling curve of the mixture lies between the 
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Ficure 7.—Chart of the distillation of the fraction from petroleum boiling between 
119.2 and 120.8° C. 


These are the same data’given in chart 3 of figure 1 but plotted at 0.1° C intervals instead of 0.5° C intervals. 





other two it appears that the chief constituents of both samples are 

identical or that they form solid solutions. 

_ Photomicrographs of the crystals from the three samples are shown 

in figures 4, 5, and 6. All three show needle-like crystals which are 

similar in appearance.® 

, * * : . 

bed i Wagan dina Soe “Capa oe pt esawape ofthe Brdrosea 

m paraffin waxes: C. C. Bachler and G. D. Graves, Ind. Eng. Chem. 19, 718 (1927); S. W. 


Coon 5 ee ee Jr., and L. M. Henderson, Ind. Eng. Chem. 23, 681 (1931);,G. D. Graves, Ind. Eng. 
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IV. STUDY OF THE CONSTITUENTS OF THE LARGE. 
VOLUME FRACTION DISTILLING BETWEEN 119.2 AND 
120.8° C. 


In figure 7 is shown a distillation chart of this fraction in which the 
volumes and refractive indices are plotted for 0.1° instead of 0.5° 
intervals as they are in chart 3 of figure 1. Three distinct concen. 
trations of volume appear within the range when the data are plotted 
in this way. This may have been fortuitous, since it is doubtful 
whether the distillation was precise enough to produce such a sharp 
separation. In order to make sure, however, the three corresponding 
portions of the distillate were crystallized and examined separately, 
The refractive indices of all this material indicated that it was chiefly 
naphthenic hydrocarbon. In table 1 are given what appeared to be 
the most reliable constants for all the naphthenic hydrocarbons 
reported in the literature as boiling between 119 and 124° C. The 
values for the dimethylcyclohexanes appear to be reliable, but the 
data for the cyclopentanes and cyclobutanes can hardly be trusted for 
purposes of identification. The refractive index given for the 
1—methyl-3-ethylcyclopentane is lower than that of any of the 
products. If this compound is in the material under consideration, it 
must be contaminated by the cyclohexanes. The boiling points which 
are given for the 1—methyl—2-ethylcyclopentane and the 1,1,3,3- 
tetramethyl-2,4-diethylcyclobutane are higher than those of the 
products of the copealliantionh. None of the products isolated appear 


to have properties approaching those of cycloheptane, and its absence 
in any appreciable quantity seems certain. 


TABLE 1.—Cyclic hydrocarbons boiling between 118 and 125° C 





Aniline | Density 


Freezing Boiling point, Refrac- 
at 20° C 


Hydrocarbon point 760 mm of Hg Patel 





°C °C g/ml 
Cycloheptane ; z —12to —13 | 11872 © 1.44521 
Dimethyicycioheranes: 

119.8 ® 1, 42959 


1, 1 ; 
1, 2- (trans-) ‘ | ‘ 123. 70 ® 1, 42768 
120. 4 » 1.42376 
124.9 ® 1. 43099 
119. 63 ® 1, 42160 
124. 59 ® 1. 43029 
120.9 to 122.5..| » 1.4253 
122 to 124 » 1, 4271 








Cyclopentanes: 
1-methy]-3-ethyl_.............- } 120.5 to 1217%__ 


1-methy]-2-ethy] 


Cyclobutanes: 
1,1,3,3-tetramethy] 2,4-diethyl- 124 to 12570____ 
cyclobutane. 

















10. Miller, Bul. soc. chim. Belg. 44, 10, 513 (1935). 

?F. K. Signaigo and P. L. Cramer, J. Am. Chem. Soc. 55, 3326 (1933). 

3N. D. Zelinsky, Ber. deut. chem. Ges. 35, 2679 (1902). 

4 Marshal and Perkin, J. Chem. Soc. Trans. 57, 250 (1890). 

‘ Beilsteins Erginzungsband 5, 25 (Wedekind and Miller, Ber. deut. chem. Ges. 44, 3236). 

¢ Beilsteins Handbuch 5, 29, 4th ed. (Willstatter, Kametaka, Ber. deut. chem. Ges. 41, 1483). 
18.8 x 6 

8 4 ‘© 
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The cooling curves of the samples from the three large fractions 
after repeated crystallization are shown by curves /C, 1D, and 
1E of figure 8. flemden 1C and 1D show a peculiar double halt 
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COOLING CURVES OF OCTONAPHTHENE FRACTIONS FROM 
PETROLEUM DISTILLING BETWEEN II9° AND 124° 


Ficure 8.—Cooling curves of best samples isolated from distillate between 119.2 
and 124° C 


1C, cooling curve of best sample from distillate between 119.2 and 119.8° C; 1D best sample from distillate 
between 119.8 and 120.4° C; 1E, best sample from distillate between 120.4 and 120.8° C; iF, best sample 
from distillate between 122 and 124° C, 
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similar to those in some of the curves obtained on a naphtheng 
previously separated at about this temperature.'® Curve 1E dogg 
not exhibit this behavior. The double arrests may indicate eutee. 
tics, transitions in crystal forms, or metastable states due to the 
viscosity of the material at freezing. Attention has been called by 
Skau " to errors in interpretation of cooling curves caused by the 
undercooling of phases, and it is difficult to analyze such mixtures 
from the cooling curves alone. 

Figures 9, 10, 11, 12, 13, and 14 are photomicrographs of these 
samples. The tendency to crystallize in two forms, depending on 
the treatment, is apparent. These photographs also show the 
similarity between the crystal behavior of samples 1C and 1D and of 
the material isolated previously, which was suspected to be 4 
dimethyleyclohexane. 

Figures 15, 16, 17, 18, and 19 are photographs of hydrogenated 
m-xylene, hydrogenated p-xylene, and of a mixture of the two. The 
preparation of these samples was described in connection with the 
previous work.” They are doubtless mixtures of the cis- and trans. 
forms of the corresponding cyclohexanes. The quadrilateral type of 
crystal which appears in figure 17 is characteristic of the hydrogenated 

-compound and the frond or spiked structure of figures 15 and 16 
is typical of the m-compound. Rapid cooling of the mixture produced 
the crystals, shown in figure 18, which are typical of the m-isomer, 
while slow warming almost to the melting point and recooling resulted 
in the quadrilateral p-crystals of figure 19. Careful examination of 
these pictures and those of samples 1C, 1D, and 1E from petroleum 
(figures 9, 10, 11, 12, 13, 14) shows: (1) the absence of any of the 
quadrilateral crystals (para-) in any of the samples; (2) the presence 
of the frond structure (meta-) in 1# (fig. 14); and (3) the presence of 
six-sided crystals in 1C and 1D (figs. 10, 11, 12), which are not visible 
in any of the photomicrographs of the synthetic samples (figs. 15, 16, 
17, 18, and 19). Analysis of the crystals, therefore, indicates that 
the petroleum distillate represented by sample 1/ probably contains 
m-dimethyleyclohexane, while samples 1C and 1D contain a cyclic 
hydrocarbon, which is neither m- nor p-dimethylcyclohexane (the 
six-sided crystals). The elongated crystals of figures 9, 10, and 13 
may be crystals of the m-compound without the fronds. Since 
samples 1C and 1D, which contain the six-sided crystals, have lower 
refractive indices and boiling points than /# it may be concluded that 
the unidentified hydrocarbon has a lower refractive index and boiling 
point than m-dimethylcyclohexane. Further identification can be 
made when photographs are obtained of other synthetic cyclic hydro- 
carbons boiling in the corresponding temperature range. 

10 R. T. Leslie, J. Research NBS 15, 41 (1935) RP808, 


11 KE. L. Skau and B. Saxton, J. Phys. Chem. 37, 183 (1933). 
12 See footnote 10. 
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Figure 9.—Long platelike crystal form of sample 1C. 











Figure 10.—Crystals of sample 1C showing long plates with six-sided crystals 
attached. 
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Crystals from sample 1C, showing only the six-sided for? 


material below its i | freezing point until a dense matri 
ill almost all of tals melted, and recooling gradually 

















Figure 12,—Crystals from sample 1D, showing six-sided types. 


These were obtained as described under figure 11. 
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j 


Crystals from sample 1D, showing long platelike crystals. 
P ’ { J I 


Compare with figure 10 





Ficure 14.—Crystals from sa mple 1E, showing long, platelike crystals with tendencies 
to grow fronds. 
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Crystals of hydrogenated m-xylene, showing long platelike crust 
tendencies lo grow fronds. 


Compare with figure 14 
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Another example of the frondlike growth characteristic of the hydro- 
genated m-xylene. 


Compare with figure 14 
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Crystals from hydrogenated p-xylene, showing the characteristic quadri- 
lateral type of crystal. 


Observe absence of such crystals in figures 9, 10, 11, 12, and 13. 











Ficure 18.—Crystals formed in a mixture of equal volumes of the hydrogenated m- 
and p-xylene, showing fronds of the m-isomer. 
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Crystals from same mixture as figure 18, but warmed almost to 
point and recooled slowly. 
of the p-isomer visible. Compare figures 18 and 19 with figures 9, 10, 11, 
Difference in crystal behavior is to be noted 





Figure 20.—Crystals from sample 1F, showing presence of needles which is probably 
a paraffinic constituent. 


This mat of crystals appears from the melt on undercooling 
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Figur! Crystals from sample 1F, showing platelike crystals characteristic of the 
octonaphthene. 


These cry vere obtained by warming the mat shown in figure 20 almost to the melting point and 
recooling gradually. 
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V. TENTATIVE IDENTIFICATION OF THE HYDROCARBON 
ISOLATED FROM THE DISTILLATE BOILING BETWEEN 
122 AND 124° C. 


At the beginning of the work on the petroleum, the large volumes 
of n-octane masked the presence of any cyclic hydrocarbons in this 
boiling range, and it is possible that quantities of cycloparaffins 
were contained in the residual paraffin distillate boiling above this 
temperature. The product as represented by sample /F' was still 
contaminated with n- or iso-paraffin constituent, as shown by the 
prismatic needles which are visible in figure 20. The cooling curve 
shown by /F of figure 8 also suggests the presence of another con- 
stituent. Three combustion analyses gave an average value of 
1.0108, with an average deviation of 0.0021, for the ratio of H,O to 
CO,. This indicates the presence of 8.6+1.6 percent of paraffinic 
constituent. Careful warming of the crystais shown in figure 20 
almost to the melting point and recooling developed the crystals 
shown by figure 21. ‘These crystals are definitely angular plates with 
angles differing from those observed in samples 1C, 1D, and 1/E. 
The constants for the sample /F are given in the table below chart 3 
of figure 1. The density was determined by the Division of Weights 
and Measures at the National Bureau of Standards and was estimated 
to be correct within 0.00005. The critical-solution temperature in 
aniline was found to be 52° C. Examination of table 1 shows that 
the material may be trans-o-dimethylcyclohexane containing enough 
paraffinic constituent to lower its refractive index and density. 


VI. ESTIMATE OF THE RELATIVE QUANTITIES OF THE 
CONSTITUENTS 


It must be emphasized that estimates of percentages in this work 
are only indications of the relative amounts of the constituents present. 
In all estimates made by the author the volumes, in liters, actually 
isolated have been doubled to compensate for losses and this quantity 
has been divided by 2,270 liters (the original volume of the crude 
petroleum from which the gasoline fraction was obtained). On this 
basis the estimated quantity of isooctane which boils at about 117° C 
should be increased from 0.15 percent (as given previously)"* to 0.5 
percent, the quantity of cyclohexanes from the distillate between 
119.2 and 120.8° C should be increased from 0.15 percent to 0.2 
percent, and the quantity of cycloparaffin boiling at 123.4° can be 
placed at 0.04 percent. 


The author acknowledges the assistance of W. W. Hewer in the 
crystallization and the photographic work, and for the determination 
of the critical solution temperatures in aniline. 


Wasnineton, August 12, 1936. 
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ESTIMATION OF CHROMATICITY DIFFERENCES AND 
NEAREST COLOR TEMPERATURE ON THE STANDARD 
1931 ICI COLORIMETRIC COORDINATE SYSTEM 


By Deane B. Judd 


ABSTRACT 


Estimation of chromaticity differences has been facilitated by the preparation 
of a standard mixture diagram showing by a group of ellipses the scale of per- 
ceptibility at the various parts of the diagram. The distances from the bound- 
aries of the ellipses to their respective ‘‘centers’’ all correspond approximately 
to the same number (100) of “least perceptible differences.” 

The estimation of nearest color temperature has been facilitated by the prep- 
aration of a mixture diagram on which is shown a family of straight lines inter- 
secting the Planckian locus; each straight line corresponds approximately to the 
locus of points representing stimuli of chromaticity more closely resembling 


that of the Planckian radiator at the intersection than that of any other Planckian 
radiator. 


CONTENTS 


I. INTRODUCTION 


Since the adoption, in 1931, by the International Commission on 
lilumination of a standard colorimetric coordinate system, by far the 
majority of fundamental colorimetric specifications have been ex- 
pressed in that system.’ A minor defect which is coming to be more 
keenly felt as the use of the system becomes more extended is the 
difficulty of interpreting differences in position on the standard 
mixture diagram in terms of degree and kind of chromaticity dif- 
erence. The discovery of a projective transformation of the stand- 
ard system whose Maxwell triangle yields nearly uniform chroma- 
icity scales ? is a step toward remedying this defect; on this triangle 
the length of any line is approximately proportional to the per- 
ceptibility of the chromaticity difference between the stimuli repre- 
sented at the extremes of the line. 


ee 


w9 (190 Judd, The 1931 ICI standard observer and coordinate system for colorimetry, J. Opt. Soc. Am. 23, 

ag B. Judd, A Marwell triangle yielding uniform chromaticity scales, J. Research NBS 14, 41 (1935) RP756; 
- Opt. Soc. Am. 25, 24 (1935). 

$9074—36——10 ie 
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The substitution of the uniform-chromaticity-scale (UCS) system 
for the ICI system immediately suggests itself, but there are severa| 
reasons why this should not be done at present. In the first place 
although the UCS system was derived from and is a valid represent. 
tion of about nine-tenths of the available data on sensibility to chro. 
maticity differences, and although, furthermore, many divergent 
applications of it* have shown it to be a definite improvement jn 
spacing over the ICI system, nevertheless the original data are 
neither sufficiently numerous nor sufficiently self-consistent to be 
considered definitely final. It is probable that further important 
improvements in spacing can be made. A second reason for adher. 
ence to the present standard [CI system is that the ICI system js 
more suited to the representation of photometric quantities; this may 
be seen from the fact that the ICI luminosity coefficients are 0, 1, 0 
while the UCS luminosity coefficients are 0.08852, 0.11112, —0.09809. 
A third reason is that the applicability of data obtained by observing 
small apertures to observation of chromaticity differences between 
extended surface colors has not been demonstrated, nor have these 
data on small differences been shown to apply by simple addition 
to large chromaticity differences. The optimistic view that such 
applicability does not require demonstration has been fairly general, 
but extensive data which are being accumulated do not wholly 
justify this view. They indicate that the UCS triangle is applicable 
to small chromaticity differences between surface colors of large as 
well as small extent; furthermore, the application of the UCS tr- 
angle to large as well as small chromaticity differences between point 
sources (signal lights) fails to result in any discrepancies not explain- 
able by aberrations of the lens system of the eye; but there are data 
which suggest that the UCS triangle is not applicable to large chro- 
maticity differences between extended surfaces. For these three 
reasons no departure from the standard 1931 ICI system is proposed 
at this time. 

Accordingly, then, for research purposes many determinations in 
the colorimetry section of the National Bureau of Standards are 
being recorded in duplicate, once in the ICI system and once in the 
UCS system; but there are also many determintions which are 
expressed in the ICI system alone. For such determinations some 
of the advantages of the UCS system may be obtained if there is 
available a graphical representation of the relative scales of the 
two systems. The present paper serves to give two such represel- 
tations; one of them shows how the scale of perceptibility vanes 
over the ICI mixture diagram on the assumption that the UG 
system gives accurately uniform chromaticity scales as it Was 
intended to do, the other shows, on the same assumption, 180 
temperature lines to aid in the estimation of nearest color temperature 
for near-Planckian colors.‘ 


3 See, for example, D. B. Judd, A method for determining the whiteness of paper, Paper Trade J. 100, mt 
(1935) T840; also Tech. Assn. Pap. [18] 392 (1935); and D. B. Judd, A method for determining whitenes 0 


paper, II, Tech. Assn. Pap., [19] 359 (1935). . - 
4 For these terms and concepts, see R. Davis, A correlated color temperature for illuminants, BS J. Research 


7, 659 (1931) RP365. 
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II. ESTIMATION OF CHROMATICITY DIFFERENCES 


The equilateral Maxwell triangle of the ICI system, and all three 
of the mixture diagrams obtained by plotting in rectangular coordi- 
nates one of the ICI trilinear coordinates (x,y,z) against another, fail 
to array color stimuli in such a way that equal chromaticity differ- 
ences are indicated by lines of equallength. It is therefore impossible 
to give any single reliable perceptibility scale of chromaticity which 
will apply to the whole diagram as a scale of miles applies to a map. 
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Ficure 1.—Perceptibility scales for the standard 1931 ICI colorimetric coordinate 
system 


The distances from points on the boundary of each ellipse to the indicated point within it all correspond 
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Instead of a single perceptibility scale there is required for a given 
rection on the mixture diagram a different scale for each different 


portion of the diagram, and for each point a different scale is, in 
general, required for each direction. In an effort to provide such a 
complete set of approximate perceptibility scales for the ICI mixture 
sep a group of thirty tangent circles on the UCS system have 
N transferred to the (z,y)-plot of the ICI system where they 
— as tangent ellipses of various sizes, eccentricities, and orienta- 
‘ns; see figure 1. The distances from points on the boundaries of 
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these ellipses to the point within them representing the transformed 
centers of the original circles give the desired scales of perceptibility: 
one one-hundredth of each such distance refers to a chromaticity 
difference just perceptible with certainty under moderately good 
experimental conditions (careful monocular observation of g 6° 
circular field divided along a diameter yielding retinal illuminations 
between 200 and 1,000 photons). 

The indicated maximum variation in the scales of perceptibility js 
about 14 to 1; the distance from point to boundary along the major 
axis of the largest ellipse (r=0.23, y=0.77) is about 0.25, while the 
smallest such distance parallel to a minor axis (see ellipse inclosing 
r=0.43, y=0.12) is about 0.018. In most practical uses of the IC] 
system, however, the maximum variation is only about 5 to 1 be. 
cause green samples whose colors are so saturated as to fall within 
the largest ellipses are rare. 

The following example will show how figure 1 may be used as an 
aid in the estimation of chromaticity differences. Suppose it be re- 
quired to know how much the dominant wave length of a yellow signal 
light could be changed from 580 my and still keep the chromaticity 
difference no more perceptible than that between the signal at 580 mp 
and a bare incandescent lamp at a color temperature of 2,360° K. 
Since signals produced by yellow glasses may be closely matched by 
one part or another of the spectrum, itself, the spectrum may be 
used for this estimation. The scale in the direction of 580 mu from 
2,360° K is about 0.13 per 100 “least perceptible differences’’ (LPDs); 
the scale along the spectrum near 580 my is about 0.04 per 100 LPDs. 
The distance on the diagram along the spectrum locus equivalent to 
the distance between 2,360° K and 580 my is: 0.075 (0.04/0.13)= 
0.023. This corresponds to slightly less than 3 my near 580, hence it 
would be said that the diagram indicates that both the difference 
between 2,360° K and 580 muy and that between 580 and 583 my are 
about 60 times that least perceptible under good experimental con- 
ditions. 

It is worth noting that a yellow signal of 580 my would resemble a 
bare vacuum-tungsten lamp sufficiently to be frequently confusible; 
this accounts for the nonuse of such a signal. For example, railway 
signal yellow is a reddish yellow of dominant wave length greater 
than 588 mz.® 

This example also serves to emphasize that the size of the LPD 
varies widely with experimental conditions. The unfavorable condi- 
tions often arising in the observation of railway signals (momentary 
viewing of point source at a retinal illumination of less than 100 
photons with no comparison light) require perhaps 50 to 100 times 
as large chromaticity differences for discrimination as are requ 
under good laboratory conditions. 


III. NEAREST COLOR TEMPERATURE 


An important practical application of the UCS system 1s its use 
finding from any series of colors the one most resembling any nelgh- 
boring color of the same brilliance. In this system the method, 0 
course, is to draw the shortest line from the locus of the series to the 


5 Association of American Railroads, Signal Section Specification 69-35, Signal glasses (exclusive of band 
lantern globes). Manual of Signal Section, AAR, part 136 (1935). 
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point representing the neighboring color. This is the geometric 
equivalent of the method of observation on which many plans of 
color grading are based. The characteristic of these plans is that 
they pay attention to chromaticity differences along a series of color 
standards, and in the usual case that no member of the series gives a 
erfect chromaticity match, the nearest match is set and the residual 
difference neglected. In this way a problem which, strictly, is two- 
dimensional finds a one-dimensional solution that is close enough to be 
of practical use. 
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Fiaurn 2.—Iso-temperature lines shown on the standard 1931 ICI colorimetric 
ordinate system. 
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Color stimuli specified on an iso-temperature line give closer chromaticity matches with the indicated 
ckian color than with Planckian colors at neighboring color temperatures. 


In finding nearest color from the series the UCS system may be 
wed directly. The locus of the series is plotted together with the 
pont representing the neighboring chromaticity, and the shortest line 
tirough the point to the locus, usually the normal, gives the nearest 
thromaticity of the series. It is also possible to carry out the opera- 
tion once for all by drawing on the UCS triangle a number of normals 
to the locus of the series completely covering at sufficiently small in- 
tervals the areas of the triangle near the locus. These normals can 
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then be transformed to any other desired system and the determina- 
tion of nearest chromaticity carried on entirely outside the UCS 
system. This has been done by MeNicholas in the estimation of 
nearest chromaticity of vegetable oils on both the wave-length scale 
and on the scale composed of combinations of Lovibond 35-yellow 
with various Lovibond red glasses. Figure 2 shows a similar series 
of normals to the Planckian locus transferred to the standard 1931 
ICI system.’ By means of these transferred 


Taste 1.—Trilinear coordinates of Planckian stimuli and reciprocal of slopes of 
the iso-temperature lines as a function of reciprocal color temperature 
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mA MeNicholas, Color and spectral transmittance of vegetsble oils, J. Research NBS 15, 99.(1935) 
. 15; also Oil & Soap 12, 167 (1935); see his figure 8. 

PP 2 is a reproduction of a figure previously used (see footnote 1, p. 771). Since that time a new 
bone eeeatare scale has been adopted (see footnote 9, p. 778) and coincidentally the value of C; used 
This Pon at from 14 350 to 14 320 micron degrees to conform with the International Temperature Scale. 
~ rh in C; makes only 0.2-percent change in the temperature (or reciprocal temperature) and is 
foden to be shown in figure 2. For this reason the old diagram has been used. In figure 3, however, 

in An peg a be easily seen. 
» the values of color temperature listed were taken from Davis’ in whi 

value of 14 350 was wake ae pe c) e avis’ paper ich the older 
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according to the UCS system may be approximately read from speci. 
fications in the ICI system. Figure 3 shows a small section of figure 
2 to an enlarged scale with one normal drawn in for each microre. 
ciprocal-degree (urd); as pointed out by Priest,* who proposed the use 
of reciprocal color temperature, ‘‘a difference of one micro-reciprocal- 
degree is fairly representative of the doubtfully perceptible difference 
in chromaticity under the most favorable conditions of observation.” 
The large drawing from which this reproduction was made has been 
used in connection with a check of the present color-temperature scale! 
with blue filters whose use resulted in near-Planckian colors. The 
original drawing was found to reproduce estimates of nearest color 
temperature found directly from the UCS system with a maximum 
error less than 0.1 urd. It will be noted that the normals extend only 
over the region immediately in the neighborhood of the Planckian 
locus. The experimental setting of nearest color temperature when a 
considerable chromaticity difference exists between the illuminant in 
question and the Planckian radiator at any temperature becomes 
increasingly difficult and ambiguous as the chromaticity difference is 
increased. It is doubtful whether the solution given by the UCS 
system is valid much further than the normals have been extended on 
figure 3; and figure 2, which shows them extended considerably 
further, may be criticized because it seems to make the false implica- 
tion that a definite, unambiguous nearest color temperature can be 
found experimentally for illuminants having colors very notably non- 
Planckian. 


TaBLE 2.—Comparison of conjunctive wave length referring to nearest color tem- 
perature via the UCS system with that referring to Davis’ correlated color tem- 
perature 
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8 I. G. Priest, A proposed scale for use in specifying the chromaticity of incandescent illuminants and 


ha. daylight, J. Opt. Soc. Am. 23, 41 (1933). Be 
‘i 9 i. ‘ Wenn, D. 3B. Judd, and Wm. F. Roeser, Establishment of a scale of color temperature, BSI 


search 12, 527 (1934) RP677. 
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To facilitate the construction of large-scale plots for accurate work 
such as figure 3 there have been included in table 1 the trilinear coor- 
dinates of the Planckian locus on the ICI system for the reciprocal 
color temperatures represented by the transformed normals on figure 
2, and the reciprocals of the slopes of these transformed normals. 
The reciprocals of the slopes are given instead of the slopes, them- 
gives, for convenience because, as may be seen from figure 2, the 
dope becomes infinite in the neighborhood of 160 urd, but is nowhere 
gro. Interpolation between the values given in table 1 will yield 
sints on the Planckian locus and also the slopes of the corresponding 
iso-temperature lines. 

Table 2 shows a comparison of conjunctive wave length, \,, refer- 
ring to correlated color temperature computed by Davis’ empirical 
method, with that referring to nearest color temperature from the 
UCSsystem. ‘The former were taken from Davis’ table 6,° the latter 
were found by extending the iso-temperature lines on the original 
large-scale plot of figure 2 until they cut the spectrum locus. It may 
benoted that the agreement is good down to 250 urd (up to 4,000° K) 
but is rather poor at lower reciprocal color temperatures where valid- 
ity of the UCS system is best established." 


WasutnetTon, August 28, 1936. 


BS. J. Research 7, 659 (1931) RP365. 
UJ, Research NBS 14, 41 (1935) RP756; J. Opt. Soc. Am. 28, 24 (1935). 
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SOILCCORROSION STUDIES, 1934. RATES OF LOSS OF 
WEIGHT AND PENETRATION OF NONFERROUS MATE- 
RIALS 

By Kirk H. Logan 


ABSTRACT 


The soil-corrosion investigation, which was started in 1922, had its origin in 
the need for information concerning the effects of soils on iron and steel. Speci- 
mens of protective coatings and of nonferrous metals were added from time to 
time, mostly at the request of manufacturers or others who were interested in 
the behavior of certain materials when exposed to certain soils. A systematic 
study of the corrosion of nonferrous materials underground was not begun until 
1932, and in the latest tests the specimens represent only copper and copper 
alloys. The number of nonferrous specimens exposed to soils has grown to 
approximately 9,000, of which about 2,500 have not been removed. 

Differences in dimensions of the specimens buried prior to 1932, insufficient 
numbers of specimens of each material, and the introduction of too many factors 
that may affect corrosion have resulted in complications of the data to such an 
extent that in many cases positive decisions as to the rates of corrosion or the 
effects of possible influences on corrosion cannot be made. Nevertheless, although 
the dispersion of the data is large, certain tendencies are sufficiently well defined 
to be of practical importance. The results of the experiments should be of value 
also as indicators of the direction which more systematic investigations should 
take. 

This report summarizes the effects of a large variety of soils on many nonfer- 
rous metals and alloys. Data on the corrosion of iron subjected to the same 
conditions are also given. In general, the nonferrous materials, with the possi- 
ble exception of aluminum and its alloys, in certain soils corrode less than the 
ferrous materials under similar soil conditions, but none of the materials tested 
was free from corrosion in all soils. It appears, therefore, that in the choice of 
materials soil conditions should be given consideration. Unfortunately, few 
people have made systematic studies of soils from the standpoint of corrosion and 
hot many can predict from the chemical or physical analysis of soils their effect 
on metals exposed to them. 

The proper selection of materials for use underground requires special know]l- 
edge of soils, metals, electrochemistry, and economics. 
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I. INTRODUCTION 


The original plans for the soil-corrosion investigation, which was 
started in 1922, dealt primarily with ferrous pipes, although the ¢or. 
rosion of cable sheath was given some consideration. When it 
appeared that ferrous materials corroded rather rapidly under some 
soil conditions, it seemed desirable to obtain data on nonferroys 
materials which might also be used underground. 

Specimens of nonferrous materials were therefore added from 
time to time when ferrous specimens were removed. This paper 
concerns itself with these nonferrous materials. Like the reports on 
the ferrous materials, this is a progress report, and for a complete 
understanding of it the reader should refer to some of the earlier 
reports. The most important of these is Bureau Technologic Paper 
368,' which described the soils in the original test, gives the analyses 
of some of the materials, and records the results of the examination 
of the first nonferrous specimens that were removed after an exposure 
of approximately 2 years. Research Paper 95? contains data on the 
corrosion of lead cable sheath, and Research Papers 359 and 638! 
contain corrosion data on a considerable variety of nonferrous 


materials. 
II. PROPERTIES OF SOILS AT TEST SITES 


Table 1 gives the names of the soils corresponding to the soil 
numbers, together with the locations of test site and the local organi- 
zation cooperating in the test. Table 2 gives the properties of the 
soils. The test sites were selected as representative of typical soil 
conditions, and do not necessarily represent the prevailing soil 
conditions in the city near which the test was conducted. It should 
be remembered that within the boundaries of a city of moderate size 
there are usually several widely different soils. 


TABLE 1.—ZIdentification of soils 





Soil type Location Cooperating organization 





Allis silt loam_---.--- ..--| Cleveland, Ohio.-...---- East Ohio Gas Co. 

OS), =e Dallas Gas Co. 

Cecil clay loam..........| Atlanta, Ga.__........-- Dept. of Pub. Works. 

Chester loam..........-- Jenkintown, Pa_-.-----.-- Philadelphia Elec. Co. i 
Dublin clay adobe-.-._-- Oakland, Calif._.......- East Bay Municipal Utility District. 


Everett gravelly sandy | Seattle, Wash_-........-- Dept. of Pub. Works. 


loam. 
i, ee Cincinnati, Ohio----..-- Union Gas and Electric Co. 
Fargo clay loam.._-.--..-- Fargo, N. Dak----.-..-.- Union Light, Heat and Power Co, 
Genesee silt loam-_.......| Sidney, Ohio_......--.-- Tide Water Pipe Line Co., Ltd. 


Glouchester sandy loam-_; Middleboro, Mass----.-- Town of Middleboro. 


Hagerstown loam ----.-.-- Baltimore, Md--.....-.-- Dept. of Pub. Works. 

— fine sandy | Los Angeles, Calif......- Southern Calif. Gas Co. 
loam 

Hanford very finesandy | Bakersfield, Calif... ..-- San Joaquin Light and Power Corp. 
oam. 

Hemstead silt loam-....- St. Paul, Minn.--......-- Northern States Power Co. 

tei biait Houston black clay.....| San Antonio, Tex....---| San Antonio Public Service Co. 


1K. H. Logan, 8. P. Ewing, and C. D. Yeomans, Bureau of Standards soil-corrosion studies: I, Soi 
materials, and results of early observations. Tech. Pap. BS 22, 447 (1928) T368, 50c. 

2K. H. Logan, Soil-corrosion studies 1927-28. BSJ Research 3, 275 (1928) RP95, 10c. prepare 

3K. H. Logan, Soil-corrosion studies; Nonferrous metals <_< = = coatings, and specially 
ferrous pipes removed in 1930, BS J Research 7, 585, (1931) % ht and pitting of ferous nd 
12, 12, (1934) BP68, &- 











K. H. Logan and R. H. Taylor, Soil-corrosion studies 1932. Rates of loss of weig! 
nonferrous specimens removed in 1982 and metallic protective coatings, BS J Research 
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_| Merrimac gravelly 


.| Miami clay loam 


__.| Muscatine silt loam 
.| Norfolk sand 
.| Ontario loam 


~_.| Penn silt loam 


.| St. Johns fine sand 


-| Wabash silt loam 


.| Unidentified sandy loam 


..--| Unidentified silt loam_--- 
..-| Acadia clay 
-| Cecil clay loam 


-| Lake Charles clay 
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TABLE 1.—Identification of soils—Continued 





Soil type 


Location 


Cooperating organization 





Kalmia fine sandy loam. 
Keyport loam 
Knox silt loam 


Lindley silt loam 
Mahoning silt loam 


Memphis silt loam 
Merced silt loam 


sandy loam. 
Miami silt loam 


Miller clay 
Montezuma clay adobe. 


Muck 


Ramona loam 
Ruston sandy loam 


Sassafras gravelly sandy 
loam. 

Sassafras silt loam 

Sharkey clay-.-- 

Summit silt loam 


Susquehanna clay 
Tidal marsh 


Unidentified alkali soil-- 


Fairmount silt loam 
Hagerstown loam 


Merced clay adobe 


Sharkey clay...........- 
Susquehanna clay 





didioae | Mohave sandy loam... 


Tidal marsh 


| Cinders 





Mobile, Ala 
Alexandria, Va 
Omaha, Neb 


Des Moines, Iowa 
Cleveland, Ohio---....--- 


Memphis, Tenn 
Buttonwillow, Calif 
Norwood, Mass 


Milwaukee, Wis 
Springfield, Ohio 


Bunkie, La 
San Diego, Calif 


New Orleans, La 
Davenport, Iowa 


Jacksonville, Fla 


Rochester, N. Y 
Milwaukee, Wis. -._-.--- 
Norristown, Pa-_-.-.-.----- 
Los Angeles, Calif 
Meridian, Miss 


Jacksonville, Fla 
Camden, N. J 


Wilmington, Del 
New Orleans, La 
Kansas City, Mo 


Meridian, Miss 
Elizabeth, N. J 
Omaha, Neb 


Casper, Wyo 
Denver, Colo 


Salt Lake City, Utah. _- 
Spindletop, Tex_-.-..--- 
Atlanta, Ga 

Cincinnati, Ohio 
Baltimore, Md 


El Vista, Tex 
Tranquillity, Calif 
New Orleans, La 
Kalamazoo, Mich 
Plymouth, Ohio 


New Orleans, La 
Meridian, Miss__...---- 
Charleston, 8. C 
Cholame Flats, Calif... 
Wilmington, Calif 


Phoenix, Ariz 
Milwaukee, Wis. -_...--. 





City of Mobile. 

Alexandria Water Co. 

Omaha and Council Bluffs Electrolysis 
Committee. 

Des Moines Gas Co. 

Dept. of Pub. Utilities. 


Board of Water Commissioners. 
San Joaquin Light and Power Corp. 
Boston Consolidated Gas Co. 


Dept. of Pub. Works. 
City of Springfield. 


Standard Pipe Line Co. 

San Diego Consolidated Gas and Elec- 
trie Co. 

Sewerage and Water Board. 

United Light and Power Engineering and 
Construction Co. 

City Commission of Jacksonville. 


Dept. of Pub. Works. 
Milwaukee Gas Light Co. 
Philadelphia Elec. Co. 

Los Angeles Gas and Elec. Co. 
Peoples Water and Gas Co. 


Jacksonville Gas Co. 
Camden Water Dept. 


Delaware Power and Light Co. 
New Orleans Pub. Serv. Co. 
Kansas City Gas Co. 


City of Meridian. 

Standard Oil Development Co. 

Omaha and Council Bluffs Electrolysis 
Committee. 

Stanolind Oil and Gas Co. 

Public Service Co. of Colo. 


Mountain Fue! Supply Co. 

Sinclair Prairie Pipe Line Co. of Tex. 
Dept. of Pub. Works. 

Union Gas and Elec. Co. 

Bureau of Water Supply. 


Gulf Pipe Line Co. 
Standard Oil Co. of Calif. 
Sewerage and Water Board. 
Dept of Pub. Utilities. 
Ohio Fuel Gas Co. 


New Orleans Pub. Service Co. 
City of Meridian. 
Commissioners of Pub. Works. 
Shell Oil Co. 

Shell Oil Co. 


City Water Dept. 
Milwaukee Gas Light Co. 
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Soil-Corrosion Studies, 1934 787 
The selection of the sites for soil-corrosion tests was governed by 
the desire to secure soils representative of the soil types to which 
extensive pipe lines were exposed. 

As is indicated by the names of the soil types, the textures of the 
soils range from coarse sands to very heavy clays. The range in 
texture is also indicated by the moisture-equivalent values. 

The temperatures given in column 3 of table 2 are the average 
annual atmospheric temperatures of cities near which the specimens 
were buried, and show in a very general way one of the conditions 
which affect corrosion. 

The mean annual precipitation shown in column 4 has a bearing 
on corrosion, but the effect of precipitation is modified by its distri- 
bution throughout the year, by surface and subsurface drainage, 
and by the capacity of the soil to hold moisture. The character of 
the subsurface drainage is indicated in column 5. The moisture 
equivalent given in column 6 is a measure of the capacity of the soil 
to retain moisture and is the percentage of moisture (in terms of the 
dry weight of the soil) which is retained by a soil sample when sub- 
jected to a centrifugal force of 1,000 times gravity. 

The moisture-equivalent values range from 2.8 percent for Norfolk 
sand to 72.8 percent for the peat soil at Milwaukee. 

The acidity or alkalinity of the soil solution is indicated by the pH 
values, which range from 2.6 for the peat soil at Plymouth, Ohio, to 
10.2 for the Fresno fine sandy loam at Kerman, Calif. 

Some soils have a greater capacity to maintain their acidity than 
others. This is shown by the total acidity of the soil, expressed in 
milligram equivalents of hydrogen per 100 grams of soil. The 
greatest total acidity value, 297.4, was found for the peat at Ply- 
mouth, Ohio. The pH value for this soil was 2.6, while a tidal 
marsh with a pH value almost as low, 3.1, showed a total acidity 
about one-eighth as large. It will be noted also from the values of 
total acidity that soils which are more alkaline than the conventional 
neutral point, pH 7, often contain hydrogen ions. 

The resistivity of the soil indicates capacity to conduct the electric 
currents which flow in the course of the corrosion process. It also 
indicates the amount of salts in the soil solution. This soil property 
is so important that in certain localities it is a fairly satisfactory 
indicator of the corrosivity ‘ of the soil with respect to ferrous materials. 
_ Table 2 shows that the resistivities of soils in the soil-corrosion 
investigation range from 54,400 ohm-cm for the Cecil fine sandy 
lam to 51 ohm-cm for the Fresno fine sandy loam (//1). These 
values are for saturated soils at 60° F. In the more-arid regions the 
wils are at times nearly dry and the values for their resistivities in 
the field are considerably greater than those given in the table. 
The physical properties of some of these soils and their relations to 
the corrosion of iron are described in RP696.5 
Water extracts of soils were prepared as follows: A suspension of 
‘oil and water in the ratio 1:5 was shaken mechanically at intervals 
for a total of 24 hours during a period of 72 hours. The compositions 


ol the water extracts, as shown in table 2, are important because of 
'g. R. 8a ird, Pi li , : : * . 

bneaeh 6.633 (1931) Kd ane currents and soilre sistivity as indicators of local corrosive soil areas. BS J. 
Rppae Denison and R. B. Hobbs. Corrosion of ferrous metals in acid soils. J. Research NBS 13, 125 (1934) 
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the effect of the salts in solution on the resistivity of the soil and 
because of their influence of the character of the corrosion products 
which may form protective deposits. ' 

Since underground corrosion has been found to depend largely on 
soil conditions, an examination of table 2 will make clear that ayer. 
ages of corrosion data from different soils are of little practical valyg 
in the estimation of what is to be expected in any one locality. 

Those interested in the classification of soils and their distribution 
will find part III of the Atlas of American Agriculture ® helpful, 
The paper does not discuss corrosion. 

Table 3 shows the nonferrous materials reported in this paper, their 
symbols, dimensions, and actual or nominal compositions. In al] 
cases except the lead the analyses were furnished by the manufacturer 
supplying the material. Such analyses are quite satisfactory for the 
study of underground corrosion since the precision with which rates 
of corrosion can be determined is not usually sufficient to show the 
effects of small changes in the composition of the materials tested. 
















III. CORROSION OF NONFERROUS METALS AND ALLOYs 
1. CORROSION OF LEAD 











Lead is used underground principally to provide a flexible connec- 
tion between water mains and services, as water service pipe, and asa 
sheath for power and telephone cables. Power and telephone cables 
are usually drawn into ducts and therefore not exposed directly to soil 
action, although ducts may contain silt. Occasionally lead-covered 
cables are laid in direct contact with the soil, although this is not gen- 
erally considered the best practice, partly because of the danger of 
damage when the soil is disturbed. 

Four varieties of lead specimens appear in the soil-corrosion investi- 
gation, as shown in table 3. Table 4 shows the rates of corrosion for 
the cable sheath materials. For the rates of corrosion comparison of 
wrought iron and steel buried approximately 12 years in the same soils 
areincluded. Eachratefortheleadis based onasinglespecimen. Most 
of the antimonial lead specimens were of approximately twice the area 
of those of commercial lead. The maximum rates of penetration of the 
former as recorded in the table represent the average of the two deepest 
pits on separate halves of the specimen. In the earlier reports the 
recorded maximum rate of penetration regardless of the dimensionsof 
the specimen, is based upon the average of the deepest pit on each side 
of the specimen. ; 

It is of interest to note that in certain soils which are very corrosive 
with respect to iron, such as Hanford very fine yp loam, Merced 
silt loam, and other alkali soils, lead corrodes but slowly. Table 4 
shows that in 32 out of 35 cases the antimonial lead specimens A lost 
weight more rapidly than those of commercially pure lead, H, also the 
rate of penetration was greater in 20 instances. Similar indications 
of the greater corrodibility of the antimonial lead specimens were 
observed on previous examinations of these materials. It } 
noted, however, that the variation in the rates of corrosion in different 
soils is much greater than the differences between the two mate 


°C. F. Marbut. Soils of the United States. Part III of the Atlas of American Agriculture, July 1 
Government Printing Office, $5.00. 
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TABLE 3.—Form, dimensions, and chemical composition of materials 
LEAD ALLOYS« 





Chemical composition (in percent) 





Material Dimensions ® 
Other elements 





Inches 
Hearth refined | Cast..-- : 0. 002 
lead. 
Chemical lead-_-.- 6X2X.25 . 57 
Commercial lead- 22X3.5X.11....] .013 
Antimonial lead -- 22X8.5X.12_...] .062 








COPPER ALLOYS 





17X1.1X.108_.. 


12X1.5X.062__- 

6X2xX.05 

Irregular 
do 


12X1.7X.143..- 
17X1.1X.103__- 


i -| 12X1.7X.143... 
Sheet. -..|.6X2X.05 


12X1.7X.08_..- 4 Trace of Fe. 
13 X1.7X.145...] 66. 33. 06 4 0.02 Fe. 
12X.8X.103_... 


Trace of Fe. 


* Sears 


12X1.7X.141... : es Fe. 
Plate....| 62X.25 


Pipe...-| 12X1.7X.145..- 


ES 12X1.7X.143... 


Cu-Nialloy .._.-|. 
Cu-Al alloy 
a 
VEE E ; Lb 
Sheet. .- ‘ (*) 











Cu Si Mn 





0.09 | 0.33 0.3} 0.03 . 25 
- 16 61 44] 1.12 ‘ 0.02 Zn. 
4.10 - 30 - 23 - 62 | 94.23 | 0.52 Mg, 
































+ Analysis by J. A. Scherrer, National Bureau of Standards. 
r Dimensions of plates and sheets given as (length) X(width) X(thickness); dimensions of pipes as (length) 
(outside diameter) X (wall thickness); dimensions of rods as (length) X (diameter). 
1a, Specimens have streamlined caps and couplings soldered in place. 
‘Some of these specimens have brazed joints. 
composition. 
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TABLE 4.—Rates of loss of weight and maximum penetration lead cable sheath 
exposed 10 to 12 years 











Cable sheath rates of | Rates of penetration 


loss (0z/ft2/yr) (mils/yr) Ferrous pipe 





Rates of Rates of 
loss (0z/- Penetration 
ft?/yr) (mils/yr) 
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® See table 1 for names of soils. 
> Antimonial lead. 


¢ Commercial lead. 
4 The antimonial Jead specimens in these soils were 4.25 inches wide and the rate of penetration is based 


on the depth of the one deepest pit. 


In most of the soils the rate of corrosion of the lead specimens is 
much lower than that of the corresponding ferrous specimens. In 
Allis silt loam (1), Dublin clay adobe (6), Mahoning silt loam (20), 
Muscatine silt loam (30), Penn silt loam (34), Ramona loam (84) and 
in the unidentified silt loam at Salt Lake City (47), the averages of 
the rates of penetration for the lead specimens are greater than for the 
corresponding ferrous specimens. These soils are not severely Ccol- 
rosive with respect to ferrous materials. Their chief common char- 
acteristic is their low content of sulfates, as will be seen in table 2. 
It will also be seen from comparing tables 2 and 4 that the lead did 
not corrode severely in soils high in sulfates. ; 

The data in table 4 should be used with considerable caution for 
several reasons. Two specimens of the same material in the = 
soil may not corrode at the same rate. This is illustrated m table 
where it will be noted that in some instances one specimen C0 
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50 percent more rapidly than another specimen of the same material 
under nominally the same soil condition. This illustrates a soil- 
corrosion phenomenon which is common to all outdoor soil-corrosion 


TABLE 5.—Dispersion of rates of corrosion of lead 
SOIL 22.—12-YEARS’ EXPOSURE 





Loss of Maximum 
weight penetration 





oz/ft?/yr mils/yr 

0. 168 3. 
2. 
a 
2 























tests in which the soils are not in some way modified to secure 
unusually uniform soil conditions. The data as here presented do 
not reveal the effect of shape or area on the depth of penetration 
as has been shown in Research Paper 883.’ Likewise changes in the 
rate of corrosion are not indicated. 
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Cs. Ses 9 
Duration of exposure — years 
Ficure 1.—Pit depth-time graphs for lead sheaths in three soils. 


/ 2 10 7] 72. 


me influence of duration of exposure on the depth of the pits on 
‘ad is illustrated in figure 1. The pit depths are the averages of the 


"KH. Logan. Soil-corrosion studi i ; ; 
: 3 3 1934. Rates 
ht or arta tener ny 4 ates of loss of weight and penetration of ferrous specimens. 
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two deepest pits, one on each side on each of two specimens, one of 
commercial lead and the other of antimonial lead. It is noted that 
in Merced silt loam, a soil high in sulfates, the pits increased in depth 
very little, if at all, as the period of exposure was prolonged. Appar. 
ently, a very effective coating, probably of lead sulfate, was formed. 
In Hempstead silt loam the penetration continued but at a decreasing 
rate; while in Allis silt loam the penetration was approximately pro- 
portional to the duration of exposure up to 6 years, at which time the 
specimens were punctured. 
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Figure 2.—Correlation of rates of corrosion of lead with concentration of chloride, 
bicarbonates, and sulfates. 


Because of the wide range in the rates of corrosion, an attempt wis 
made to determine what soil characteristics resulted in high rates 0 
corrosion of lead. This has not been altogether successful because 0 
insufficient data and the large number of different factors involved 
in each soil condition. Figure 2 shows the relation between the cot 
centration of chlorides, bicarbonates, and sulfates in some of the 80 
to the averages of the rates of loss of weight for — of exposure 
varying between 2 and i2 years. The addition of the available dats 
for other soils would not materially affect the shape of the curv 
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although it would be extended. Sulfates predominated in these soils. 
Although the curve shows in a general way that the salts tended to 
reduce the corrosion of lead, it should not be used for determining the 
loss of lead because the rates used are average rates, whereas, as was 
shown in figure 1, the change in the rate of corrosion with time is 
diferent for different soils. 

In general, soils containing large quantities of organic material and 
soils which are poorly drained, appear to be corrosive to lead, but 
exceptions to this statement may be found. For example, the tidal 
marsh is not severely corrosive, probably because of the presence of 
sulfates. The muck soil at New Orleans was the most corrosive with 
respect to loss of weight but caused no serious pitting. It should be 
evident from these statements that the corrosiveness of a soil with 
respect to lead cannot be predicted from any one soil characteristic. 
Specimens of chemical lead and hearth-refined lead were exposed 
to five soils only. Table 6 gives the data on these specimens for four 
periods of exposure. 


TABLE 6.—Effect of impurities on rates of loss of weight of lead 


{Rates in ounces per square foot per year] 





1 to 2 years’ exposure 





6-years’ exposure 8-years’ exposure 10-years’ exposure 











N 


N 











NN 





N | NN 













































0.02 |0.03 |0.14 /0.03 |.....]-.... O08 0. 1.....1....- a oS Pe es 0.04 | 0.01 
ae .62 | 51 | .64 } .34 10.32 (0.38 | .38 | .24 |..-..]..... -51 | .31 (0.35 (0.34) .51] . 

a 26 | .49 | .84] .19] 11 | .10 | .19 | .11 (0.08 (0.07 | .12 | .08 |.....]..... -18| .07 
Biseacbiwenns -06 | .07 | .06 | .03 | .04 | .02 | .05 | .06 | .06 | .03 | .08 | .05 | .04/ .03 | .08 | .06 
ee ee es -05 | .02 | .05 | .04 | .08 | .03 | .04 | .03 | .10 | .04 | .05 | .04 | .09 .02 



















































1 See table 1 for names of soils. 
1 See table 3 for names of materials. 


The table shows that the antimonial lead lost weight at higher rates 
in 74 percent of the tests and that the refined lead lost weight more 
slowly than the chemical lead in 95 percent of the tests. These data 
confirm the experiences of other investigators who found that im- 
purities or alloying elements tend to accelerate the corrosion of lead. 






2, CORROSION OF COPPER AND ALLOYS OF COPPER 


Brass in the form of cocks and valves has been used underground 
lormany years. More recently copper and brass have been used for 
service pipe and, in some instances, for small distribution mains. 

The copper-rich alloys used in this investigation are listed in table 

fable 7 gives the corrosion data obtained from the specimens in 
#2 soils. As a rule two specimens of each material were removed 
fom each location, but in a few cases one or more of the specimens 
vere not found. Usually the loss of weight of these two specimens 


was 
5 of 


e of d not differ greatly, but in some cases one showed a loss 50 percent 
ved seater than the other. 

e00- These averages suggest that the rod A, which is an alloy of copper, 
- une; lead, and nickel, is less resistant to soil action than the alloy of 


a we aluminum, and iron. 
te ® copper-zinc-lead-nickel alloy (A) was most susceptible to at- 


he forged brass alloy (Me) corroded more rapidly than the 
*y@. Both were relatively susceptible to attack. 


data 
ve, 
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TABLE 7—Corrosion of copper-rich alloys ' exposed 8 years 


M=Shallow metal attack, ro ughening of the surface but no definite pitting. 

P= Definite pitting, no pits greater than 6 mils. 

U=Unafliected by corrosion. 

S=Severe uniform corrosion, impossible t o measure penetration because of even destruction of surface 
D=Selective corrosion such as dezincificat ion over large areas. 4 

d= Selective corrosion in spots. 

Z=Destroyed by dezincification. 





Average rate of loss of weight (o2z/ft?/yr) Condition of surface and pit depth! 
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1 See table 3 for identification of materials. 

2 See table 2 for names of soils. : 

2 The letters indicate the condition of the worse of 2 specimens. The figures are rates of maximum pene 
tration, in mils per year. 


It is necessary to point out here the fact that brasses high in zine 
sometimes undergo selective corrosion known as dezincification 10 
which there is little or no pitting and a loss of strength and service life 
greater than is indicated by the loss of weight. Extreme cases © 
dezincification are shown in figure 3. In most cases the specimens 
high in zinc were not pitted and no attempt was made to- determine 
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FIGURE 3.—Dezincification of Muntz metal. 


2 years to an alkali soil; 1/39, exposed 2 years to cinders; B “exposed 
silt loam, an alkali soil 



































hiGuRE 4.—Nonferrous specimens from a peat soil. 
ee table 3 for identif 
Wrought iron, G 


ition of the nonferrous materials. At the bottom of the figure specimen B79 is 
/ is cast iron, and the unnumbered specimen is a cement-asbestos pipe. 
lhe lengths of the specimens are from 10 to 14 inches 
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the depth of the dezincification. The worse of the two specimens at 
each locality is indicated in table 7, but in most cases the specimens of 
the same material did not differ greatly. 

Six widely different soils were chosen from the original test sites 
for tests of materials which were ‘not available in sufficient quantities 
to permit their burial at all test sites. Five of these soils are severely 
corrosive with respect to iron. Table 8 shows the rates of loss of 
weight for all the copper-alloy specimens removed from these soils. 
The figures are based on the losses of weight of two specimens. It will 
be noted that the rates of corrosion of all of the copper alloys are 
low except in soil 43, a tidal marsh high in sulfides. In this soil 
copper lost more weight than the copper alloys, but the high-zinc 
alloys showed some local dezincification. The differences in rates of 
corrosion of similar materials in the same soil are probably accidental. 
Such differences are characteristic of soil-corrosion data from the 
field. 

Prior to 1932 such nonferrous specimens as were buried were tested 
at the request of some manufacturer or organization for a special 
purpose. Comparison of materials is difficult because of differences 
in exposed areas, durations of exposures and other accidental influ- 
ences. Because of these difficulties and the evident need for infor- 
mation on the usefulness of nonferrous materials underground, a new 
test of corrosion-resistant materials was begun in 1932. Two samples 
of each nonferrous material were removed from each of 14 of the new 
test sites in 1934. The appearance of the nonferrous specimens from 
the peat soil is shown in figure 4. At the bottom of the figure are 
shown a wrought iron specimen, B79, a cast-iron specimen, G79, and 
aspecimen of a cement-asbestos pipe. The specimens are approxi- 
mately 12 inches long. 


TaB_Le 8.—Rates of loss of weight of copper alloys! in 6 soils 


{In ounces per square foot per year] 
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1 See table 3 for analyses of materials. 
See table 1 for names of soils. 


The average rates of loss of weight of the nonferrous specimens are 
given in table 9 and the conditions of the specimens are shown in 
table 10. In cases where specimens subjected to similar conditions 
differed, the worse condition was recorded. 

ecause rates of corrosion frequently change with time, and because 
hot many specimens have been examined, definite conclusions should 
it be drawn from these tables. In general, tables 9 and 10 confirm 
he data in tables 7 and 8. It should be remembered that cinders 

tom other sources may differ considerably from those used at site 67. 





796 Journal of Research of the National Bureau of Standards vu» 

Since data on the corrosion of copper appear in several tables dis. 
cussion of the effects of soils on this material has been withheld unti} 
all of these tables have been presented. From these tables it will be 
seen that copper corrodes most rapidly in soils containing sulfides. 
The scale which is formed under these conditions does not appear to 
have much protective value. Copper corrodes rapidly also in some 
cinders, perhaps because they also contained sulfides. This should 
be kept in mind when light-weight pipe is used in city streets cop. 
taining cinder fills. 

In most soils, however, the rate of corrosion of copper and its alloys 
is much lower than that for ferrous materials, as will be seen by 
comparing the data in tables 7, 8, 9, and 10 with the last two columns 
of table 4. It is interesting to note in tables 7, 8, 9, and 10 that in 
the tidal marshes (soils 43 and 63), the Muntz metal pipe appears 
definitely superior to the copper pipe. 


TABLE 9.—Raies ' of loss of weight of nonferrous specimens exposed approximately 
2 years 





Brass— 
66% 
Cc . 


Muntz 
metal 


Bronze— 


Alloy— 
98% 


Alloy— 
95% 
Cc 


yu; ; Cu; uU; 
33% Zn 1.8% Sn | 1.5% 8i! 3% Bi 





1.56 {1 1. 






































1 Average for two specimens in ounces per square foot per year. 
1 See table 1 for names of soils. 

3 See table 3 for analyses of materials. 

* Destroyed. 


Sufficient data are not available for plotting the relation of the 
period of exposure to the corrosion for individual soils. A compan- 
son of the average rates of loss of weight for the materials listed in 
table 7 with corresponding data for 4-year-old specimens indicates 
little or no change in the rates of corrosion. This may indicate that 
the corrosion-resisting properties of copper are due to low electro- 
chemical potential rather than to the formation of protective films, 
or that such films as are formed reach their maximum effectiveness 
very soon after the material is exposed to soil. 


3. CORROSION OF ALUMINUM AND ZINC 


Te 
e 


same dimensions and periods of exposure. The appearance of The 
specimens is shown in figure 5. (Specimens C1, C2, and C3.) | i 
blank spaces represent lost specimens. In the case of the alumim 


Data on specimens of aluminum and. zinc removed in 1934 a 
shown in table 11, together with those for other specimens of 
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TasLE 10.—Surface condition ' and rate of penetration of nonferrous specimens 
exposed approximately 2 years 


M=Shallow metal attack, roughening of surface but no definite pitting. 
*p=Definite pitting but no pits greater than 6 mils. 
U=Apparently unaffected by corrosion. i ! : 
$=Severe uniform corrosion; impossible to measure penetration because of uniform destruction of surface. 
=Selective corrosion over large areas, i. e., several square inches per square foot. 
d=Selective corrosion in small spots. 
g=Destroyed by dezincification. 
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1 Condition or rate of maximum penetration on worse of 2 specimens; figures are in mils per year. 
1See table 1 for names of soils. 
1Qne specimen only. 


alloys the loss was due in most cases to the almost complete destruc- 
tion of the specimens. ‘Table 11 is comparable with similar tables in 
earlier reports.® 


Taste 11.—Rates of loss of weight and penetration of miscellaneous metals and 
alloys buried approximately 10 years 


P=Definite pitting, no pits greater than 6 mils. 

S=Severe surface corrosion, impossible to measure penetration because of even destruction of surface. 
M=Shallow metal attack, roughening of surface but no definite pitting. 

D=Dezincification over large areas. 

d=Dezincification in spots. 

f=Failure of 1 or more holes. 
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ve able 1 for names of soils. ¢ Loss is given in ounces per square foot per year. 
le 3 for names and analyses of materials. 4 Rate of maximum penetration in mils per year. 


Bo ranma 
See table 20, Tech. Pap. T368; table 8, Research Pap. RP259: and table 12, Research Pap. RP368 
to these papers have been made in earlier parts of this report. 
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Figure 6 shows the relation of the average maximum penetration 
to the duration of exposure of zinc specimens to five soils. Each 
point is based on the average of the deepest pits on each of two 
specimens. In two of these soils the rates of penetration appear ty 
increase with the period of exposure. 

Table 11, as well as similar tables previously published,® shows 
that the purer zinc (hearth refined) corrodes less rapidly than the zing 
which contains more impurities. 
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Ficure 6.—Relation of the maximum penetration of zinc to the duration of exposure. 


Under some circumstances the corrosion of the aluminum and 
aluminum-manganese alloy occurs mostly beneath the surface of the 
metal which is raised to form blisters beneath which a white powder 
is found. 

It was not practicable to remove all of this powder without destroy- 
ing some of the uncorroded metal and for this reason the losses 0 
weight for the above mentioned materials as given in table 11 ar 
inaccurate. They show, however, in a general way at least, the relative 
corrosiveness of the soils with respect to these materials. Sinee, % 


* p. 544 Tech. Paper BS T368; p. 594, Research Paper RP359; p. 138, Research Paper RP638. 





— 


—=- rf oa 


Per Square foor mer rar 


Loss ~ ounces 


=— 


Hievry 


At the to 
Below 
YS of 


sae Soil-Corrosion Studies, 1934 799 


has been shown, soils differ greatly in many ways, general conclusions 
as to the usefulness of thin aluminum sheet underground should not 
he drawn. The data indicate that the effect of the soil on the 
aluminum alloy should be investigated before the material is used 
underground. 
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Hover 7.— Average rates of corrcsion of cast-brass fittings and altached nipples in 
165 soils. 
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it ts tap of the figure are shown the average rates of corrosion of four cast-copper alloys in the form of caps. 
pt en the rates of corrosion of the nipples attached to each variety of cast cap. See table} for anal- 
Materials. The solid ends of the column show the standard errors, om, of the averages. 
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IV. EFFECT OF INTERCONNECTING DIFFERENT METAILs 


Several experiments have been undertaken to determine the effec; 
of placing two metals in contact under several soil conditions. The 
earliest of these in the National Bureau of Standards soil-corrogign 
investigation consisted of four varieties of cast-brass alloys each cop. 
nected to short lengths of Muntz metal, lead, and galvanized-iroy 
pipe. Specimens were buried in 45 soils. 

To determine whether differences in the composition of the cast 
caps are significant, the average performance of each material has 
been calculated for all soils in which all varieties of specimens ap. 
peared. The result of these calculations is presented in figure 7, 
It will be seen that, on the average, small differences in the compo. 
sition of the materials had at most only small effects on the results, 
Thus the differences between the averages of the specimens in any 
group, e.g., the Muntz metal nipples, are not greater than the stand- 
ard errors of the averages and therefore may be the result of chance, 
For this reason the data for the four alloys have been averaged in 
table 12. Since the corrosion of each material in this table was either 
retarded or accelerated by its potential with respect to the material 
to which it was connected, the recorded rates of corrosion are not 
those to be expected when the materials are exposed independently, 
This is shown in figure 8. 


TABLE 12.—Average! rates of loss of weight of cast brass caps, and of brass, lead, 
and galvanized-steel nipples attached to the caps exposed for approximately 10 
ears. 

y {In ounces per square foot per year] 


f=Specimen destroyed. 
(1)= Threads of nipple stripped and data could be not used. 
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@ See table 1 for names of soils. ber when 
+. From most soils 12 cast caps and 4 nipples of each kind were removed. Superscript gives num 


other than normal. 





Lees Sow-Corrosion Studies, 1934 801 


Figure 8 shows that rate of loss of weight of the cast-brass caps 
was about half that for copper pipe in the same soils. This may have 
been the result of cathodic protection or because the cast alloys were 
more resistant to corrosion. The latter conclusion is suggested by the 
relative rates of corrosion of the castings, since those containing the 
least copper corroded the least. __ , 

The value for the Muntz metal nipples was about 50 percent higher 
than for pipes of the same material, while that for the galvanized 
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Ficure 8.—Effect of interconnecting different metals. 


The etoss-hatched columns show the average rates of corrosion of the materials affected by galvanic action. 
The solid ends of the columns show the standard errors (om) of the averages. 


ig was six times that for galvanized pipe in the same soils. The 
values for the galvanized nipples were about 25 percent greater than 
for unprotected steel pipe. Facts to be considered in this connection 
tte that there was no zinc on about one-half inch of the nipples where 
they were threaded and probably the coating on the nipples was not 
as heavy as on the pipes. 

A surprising result shown in figure 8 is that the lead nipples lost 
Weight almost as rapidly as those of galvanized steel. Of course a 
partial explanation of this fact is that the density of the lead is nearly 
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50 percent greater than that of the other metals. This explana. 
tion, however, scarcely seems adequate since in service lead eon. 
nected to brass cocks has a reputation for lasting much longer than 
galvanized steel under similar conditions. It seems probable that 
if the nipples had been longer and larger with respect to the cast 
caps the results of the test would have been somewhat different. 
The most striking difference was between the rates of loss of the 
lead nipples and the corresponding rates for the lead cable sheath 
The average rate of loss for the nipples was about five times that 
for the cable sheath. The relation between the two when exposed 
to Hempstead silt loam is shown in figure 9. There seems to be 4 
tendency for the rate of corrosion of the nipples to decrease. The 
rate of corrosion of the cable sheath in the same soil appears to be 
constant, perhaps because sufficient corrosion products had not been 
deposited to form an effective coating. 
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Fic. 9.—Comparison of losses of weight of lead nipples and cable sheath for different 
periods of exposure. 






The soil-corrosion investigation contains three other sets of | 
materials buried for the purpose of studying galvanic corrosion. 
The forms of these specimens are shown in figure 10. ‘The unlabeled 
specimen consists of two strips of cast iron united by a brazed joint. 
The pipe from which the sections were cut was cast in a mold in 
which portland cement was used to prevent the metal from sticking 
to the sand. The pipe manufacturer who prepared the specimens 
left the cement on them because this is the way the joint would be 
used in practice. For the same reason no care was taken to remove 
the flux used in making the joint. The uneven distribution of the 
corrosion may therefore be accounted for in several ways. How- 
ever, after 8 years’ exposure to a corrosive soil there was no serious 
corrosion at the joint. F 

Specimens of copper pipe joined by copper stream-line soldere 
fittings (M1, fig. 10) and specimens of a copper-silicon alloy pipe 
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HIGURE 10 /jpes of specimens used in studying the effect of joining dissimilar 
metals. 


, Copper-silicon y exposed to peat soil for 2 years; unnumbered, brazed joint on cast iron exposed & 
Lap 3A7, 1B?, cast brass caps attached to lead, Muntz metal, and galvanized steel, respectively, 
eed for | rs to Allis silt loam; M7, soldered joints on copper pipe exposed 2 vears in a tidal 
arsn 
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with bronze welds at the middle of the specimens (N/66, fig. 10) 
showed no definite evidence of corrosion which could be attributed 
to galvanic action after 2 years’ exposure. The brass caps and 
attached nipples shown also in figure 10 are from a soil which is 
severely corrosive. They show the form of the specimens reported 
on in figures 8 and 9, and in table 12. 


V. DETERIORATION OF NONMETALLIC PIPE 


In addition to the large variety of specimens of metallic pipe 
and sheet, the soil-corrosion investigation includes two varieties of 
nonmetallic pipe developed for the transportation of water. These 
specimens buried while the materials were being developed do not 
represent the materials now marketed by those who furnished them. 
In both cases the manufacturers believe that their more recent prod- 
ucts have overcome the weaknesses shown by the specimens. 

The oldest nonmetallic specimens in the test were of wood fiber, 
coated inside and out with a bituminous substance which cracked 
and lost its plasticity in some soils. The fiber absorbed sufficient 
moisture to cause some of the specimens to increase in length about 
5 percent. No tests of strength of the materials have been made. 
The coating had such a low melting point that it softened and became 
sticky when the specimens were exposed to the sun at the warmer 
test sites. The results of the test suggest that the pipe material 
itself should be more nearly moisture-proof since it has been demon- 
strated that moisture penetrates most thin bituminous coatings. 
It has also been shown that it is very difficult to secure and maintain 
a perfectly continuous bituminous coating on a pipe line because 
of the nature of bitumens. 

The other material is composed of 85 percent of portland cement 
with the addition of 15 percent of asbestos fiber. The specimens 
of this material were exposed for approximately 2 years to 15 soils 
severely corrosive with respect to ferrous materials. As the speci- 
mens absorbed moisture, loss of weight determinations were not 
made. The specimens showed no pitting and it seemed best there- 
fore to determine their condition by inspection. 

The following comments were made by a representative of the 
manufacturer: ‘Inspection of specimens of asbestos cement pipe 
has shown surface corrosion on those samples which were in con- 
tact with acid soils and cinders. Also, some surface disintegration 
has been noted on those specimens in contact with soils containing 
soluble sulphates.” 

The test specimens were not representative of the grade sold as 
pressure pipe; therefore, the results may not be representative of 
what could be expected in the case of the more dense structure of 
pipe intended for pressure service. Until the specimens have been 
exposed for longer periods a detailed report on the condition of each 
specimen would add little to the above quotation. 


VI. SUMMARY 


The data on the nonferrous specimens were insufficient to justify 
Positive conclusions as to the rates of corrosion of the materials 
under any specific soil condition. However, the following con- 
clusions are suggested by the data. 

990743619 
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1. No metal or alloy has been found superior to all others for all 
soil conditions, but for each condition some suitable material jg 
available. 

2. With but few exceptions the rates of loss of weight and penetra- 
tion were less for the nonferrous specimens than for the ferrous speci- 
mens subjected to the same soil conditions. 

3. Lead in contact with some soils became badly pitted within 
few years. Until the causes of this pitting are better understood, cable 
sheaths should be placed in direct contact only with soils known to 
be noncorrosive. 

4. The differences in the rates of corrosion of different varieties of 
lead were small but the purest lead corroded the least. Antimonial 
lead appeared to corrode at a slightly higher rate than the commercial 
lead cable sheaths. 

5. The rate of corrosion of lead gradually decreased in some soils 
but appeared to be maintained in certain soils such as tidal marshes, 

6. The presence of chlorides, bicarbonates, and particularly sul- 
fates, in soils favors the formation of films or deposits which retard 
corrosion of lead. 

7. Copper and alloys high in copper corroded slowly in most soils. 
The highest rates of corrosion of copper occurred in soils containing 
sulfides. 

8. The rates of corrosion of all copper alloys were higher in cinders 
than in any type of soil tested. 

9. The corrosion of copper and high-copper alloys was more nearl 
uniform over the surface than was the corrosion of ferrous maton 
in most soils. 

10. Muntz metal dezincified in a considerable number of soils and 
probably should not be exposed to severe soil conditions. 

11. The rates of corrosion of copper and brass appeared to change 
less with time than did the corresponding rates for ferrous materials. 

12. Zine corroded rather rapidly in a few soils. In some soils the 
loss of weight of zinc was nearly proportional to the duration of the 
exposure. In such soils effective protective films were not formed. 
The protection which a zinc coating affords under such soil conditions 
is the result of cathodic protection at the expense of the zinc or due 
to the corrosion resistance of the zinc-iron alloy layers. 

13. Aluminum and some of its alloys corroded rapidly under most 
of the soil conditions to which they were exposed. ‘ 

14. The interconnection of dissimilar metals exposed to soil 
resulted in the partial protection of one of them and in more rapid 
corrosion of the other. Sometimes, however, the formation of corro- 
sion products of one of the materials prevented continued corrosion. 

The cleaning, weighing, and measuring of the specimens was done 
mostly by R. B. Hobbs, L. M. Martin, and I. Bohrer, on whose skill 
and care the reliability of the data largely depends. The last two 
made and checked most of the computations and assisted in 
preparation of the tables and drawings. Dr. I. A. Denison and Mr. 
Martin made many valuable suggestions as to the interpretation 0 
the data. 


Wasuincton, August 13, 1936. 
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